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SUMMARY 


This  program  explored  the  application  of  opaque  penetrant 
enhanced,  three  dimensional,  x-radiography  to  the  characteriza¬ 
tion  and  documentation  of  impact  damage  in  resin-matrix  composite 
material s . 

A  program  was  conducted  which  demonstrated  that  opaque 
penetrant  enhanced  radiographs  can  be  used  to  document  the 
spatial  (three  dimensional)  distribution  of  damage  (consisting 
of  delaminations,  matrix  cracks  and  fiber  fractures)  in 
graphite-epoxy  composite  materials.  The  program  was  divided 
into  two  tasks.  Tn  task  one,  a  three-dimensional  x-radi ©graphic 
inspection  method  was  selected  and  optimized  for  spatial  resolu¬ 
tion  in  graphite-eooxv  composite  materials.  Emphasis  was  placed 
on  simplicity  and  ease  of  operation,  accuracy  of  damage  defini¬ 
tion,  and  ability  to  describe  the  damage  details.  In  task  two. 
use  of  the  optimized  technique  was  demonstrated  during  an  in¬ 
vestigation  of  damage  accumulation  processes  in  graphite- epoxy 
specimens  that  had  been  subjected  to  incremental  fatigue  loading. 

The  goal  of  demonstrating  the  enhancement  of  three-dimensional 
X-radiography  for  application  to  composite  materials  was  met. 
Significant  features  of  the  program  included  formulation  of 
a  new  X-ray  ooaque  penetrant  material;  design,  fabrication  and 
application  of  a  composite  material  penetrameter  for  image  quality 
assessment;  and  development  and  application  of  a  compact  step 
wedge  for  use  in  three  dimensional  location  of  damaae  within 
a  structure  - 
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SECTION  I 


INTRODUCTION 


Resin-matrix  graphite  composite  materials  have  unique  pro¬ 
perties  for  structural  applications.  Application  of  resin-matrix 
graphite  materials  has  evolved  as  a  major  technology  challenge  to 
a  variety  of  scientific  and  engineering  disciplines.  In  order  to 
realize  the  full  potential  of  composite  materials.,  a  variety  of 
enabling  technologies  must  be  developed  and  systematically  ap¬ 
plied  in  design,  analysis,  production,  acceptance  and  mainten¬ 
ance.  A  significant  element  of  the  analysis  task  is  in  under¬ 
standing  damage  tolerance  and  damage  propagation  in  composite 
materials.  Characterization  and  predictive  modeling  of  damage 
are  primary  requirements  set  forth  in  the  United  States  Air 
Force  structural  integrity  policy 

Unlike  metals  for  which  the  dominant  damage  mechanism  is 
initiation  and  growth  of  small  cracks,  resin-matrix  composites  have 
an  extremely  complicated  damage  initiation  and  damage  accumula¬ 
tion  process.  Damage  in  composites  generally  consists  of  exten¬ 
sive  matrix  cracking,  progressive  delaminations,  fiber  buckling 
and  fiber  fractures.  The  matrix  cracks  and  delaminations  inter¬ 
act  during  fatigue  loading,  further  complicating  the  damage  accumu¬ 
lation  process.  The  mode  of  failure  depends  on  the  stacking  se- 
auence  of  the  laminate  and  the  mode  of  loading.  Nondestructive 
methods  of  evaluation  are  required  to  aid  in  understanding  damage 
initiation  and  damage  accumulation.  Further,  a  material  volume  inter¬ 
rogation  method  is  required  due  to  the  anisotropic  properties 
of  composites  and  to  the  complexity  of  damage  initiation  and 
accumulation.  X-radiography,  eddy  current  and  ultrasonics  are 
the  primary  nondestructive  evaluation  methods  for  material  volume 
interrogation.  Ultrasonic  and  eddy  current  methods  are,  however, 
dependent  on  bulk  integration  of  imposed  energy  fields  and  have 
limited  application  in  understanding  micro  changes  within  a 
material  volume.  A  high  resolution  technique  is  required  to  de¬ 
tect  small  changes  such  as  matrix  cracks,  delaminations  and  fiber 
fractures . 

X-radiography  is  a  well  recognized  and  documented  evaluation 
method  that  is  applied  in  industry  for  assessment  of  the  sound¬ 
ness  of  materials  and  components.  Many  variations  of  the  method 
have  been  devised  to  meet,  special  testing  needs  and  requirements. 
Variations  include  several  techniques  in  generation  and  in  evalua¬ 
tion  of  three  dimensional  images.  The  optimum  technique  for-  a 
specific  application  is  obtained  by  careful  evaluation  of  the 
basic  factors  inherent  to  the  X-radiographic  method  and  by  ex¬ 
perimental  evaluation  of  images  produced  under  various  test  con¬ 
ditions  for  characterization  of  various  test  specimen  conditions. 
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In  general,  X-radiography ,  a  beam  of  penetrating  radiation 
is  typically  directed  perpendicularly  toward  the  part  under  in¬ 
spection  (Figure  1)  at  a  fixed-focus  film  distance.  A  portion 
of  this  energy  is  absorbed  as  it  passes  through  the  part  and  a 
portion  is  scattered.  Absorption  of  energy  by  the  test  part 
is  dependent  upon  the  material  composition,  thickness  and  density. 
Energy  which  passes  through  the  part  is  converted  by  an  appropriate 
imaging  media  (film,  fluoroscopy,  etc.)  to  produce  a  "shadow 
image"  of  variable  portions  of  the  part. 

The  type  and  quality  of  X-radiation,  the  exposure  geometry, 
the  type  of  imaging  media  and  the  type  of  viewing/evaluation 
performed,  provide  variation  in  the  results  produced.  Test  para¬ 
meters  of  concern  for  general  application  include  subject  contrast, 
film  contrast,  unsharpness,  distortion  and  image  density. 

Image  density  is  measured  directly  while  other  parameters 
are  assessed  by  comparison  to  an  "Image  Indicator"  (penetrameter ) 
that  is  imaged  along  with  the  part  during  exposure. 

Distortion  and  unsharpness  are  factors  related  to  the  ex¬ 
posure  technique  and  to  the  internal  scatter  of  the  subject 
material. 

Film  contrast  is  a  characteristic  of  the  type  of  film  and 
film  processing  used. 

Subject  contract  is  the  primary,  concern  in  X-radiographic 
examination  of  composite  materials.  Subject  contrast  is  the  re¬ 
sult  of  differences  in  the  absorption  of  radiation  by  the  subject 
under  examination.  Subject  contrast  is  therefore  dependent  on  a 
change  in  density  (such  as  a  void)  and/or  on  a  change  in  the 
atomic  composition  within  a  test  subject.  Both  graphite  and  organic 
resin-matrix  materials  consist  of  a  high  carbon  content  and  there¬ 
fore  absorb  X-radiation  similarly;  both  differ  only  slightly  in 
absorption  properties  from  that  of  air.  Subject  contrast  must 
therefore  be  enhanced  by  introduction  of  a  contrast  media. 

The  most  successful  previous  work  involving  X-radiography 
of  composite  materials  has  been  performed  with  the  aid  of  tetra- 
bromoethane  (TBE)  or  diiodobutane  (DIB)  as  contrasting  fluids. 

These  fluids  were  selected  for  their  penetrating  and  image  con¬ 
trast  properties.  Both  materials  are  halogenated  hydrocarbons 
and  therefore  require  special  precautions  in  handling,  use  and 
storage.  (Ref.  5) 


diagram  of 


the  radiographic  process 
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A  second  limitation  in  the  use  of  conventional  radiography 
is  in  the  nature  of  the  image  produced.  Such  images  provide  de¬ 
tailed  information  on  the  nature  and  planar  distribution  of 
material  damage  but  do  not  provide  information  on  through-the- 
thickness  distribution  of  damage. 

The  objective  of  the  work  described  herein  was  to  explore 
the  application  of  opaque  penetrant  enhanced,  three  dimensional 
X-radiography  to  detect,  quantify  and  evaluate  the  progress  of 
damage  in  resin-matrix  graphite  composite  materials.  The  work 
was  divided  into  two  tasks: 

TASK  1  consisted  of  selection  of  an  applicable  three- 
dimensional  X-radiographic  method  and  optimization  of  the  method 
for  characterization  of  the  damage  detection  and  accumulation 
processes  in  resin  matrix-composites. 

TASK  II  consisted  of  a  demonstration  of  the  optimized 
three-dimensional  X-radiographic  method  through  its  application 
to  characterization  and  documentation  of  the  damage  accumulation 
process  in  resin-matrix  composites  as  a  function  of  fatigue  load¬ 
ing  . 
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SECTION  II 


PENETRANT  SELECTION  AND  X- RADIOGRAPHIC 
TECHNIQUE  OPTIMIZATION 


1.  Test  Specimen  Material  Fabrication 


Materials  for  fabrication  of  all  test  specimens  were 
layed-out  and  cured  in  sheet  form  from  materials  on  hand  (i.e., 
T300  fiber,  Fiberite  934  resin,  quasi-isotropic  graphite/epoxy 
unidirectional  prepreg  tape) .  Prior  to  lay-up,  a  test  of  prepreg 
material  properties  was  completed  with  results  shown  below. 


Test 


Specification 


Measured 


Volatile  Content  2%  maximum 

Gel  Time  335°  to  350°F  11-30  minutes 

Resin  Flow  13-25% 


1.2% 

14  Minutes 
21% 


Three  (3)  symmetrical  quasi-isotropic  graphite  epoxy 
configurations  were  fabricated  using  unidirectional  prepreg  tape 
materials.  One  configuration  was  8-plies  thick.  The  second  con¬ 
figuration  was  16-plies  thick.  The  third  configuration  was  24- 
plies  thick.  Ply  configurations  were  as  shown  below: 

8  ply: 


Lay  up  0 , 

+45, 

-45, 

90, 

90, 

-45, 

+  45, 

0  degrees 

16  ply: 
Lay  up  0 , 

+45, 

-45, 

90, 

90, 

-45, 

+45, 

0,  0,  +45,  -45,  90, 

90,  -45,  +45,  0  degrees 
24  ply: 

Lay  up  0,  +45,  -45,  90,  90,-45,  +  45,  0,  0,  +  45, 

-45,  90,  90-45,  +45,  0,  0,+  45-45,  90,  90,-45^+45,  0  decrees 


A  177  degree  C.(350  degree  F.)  resin  was  used  in  all  sheets. 
Sheets  were  cured  in  a  platen  press  using  an  established  process 
consisting  of  the  following: 

a.  Vacuum  bag  evacuation  to  approximately  12  pounds  per 
square  inch; 
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b.  Heating  to  250°F  +  10°F  at  3  +  1°F  per  minute; 

c.  Holding  at  250°F  for  15 (+®)  minutes; 

d.  Increasing  pressure  80  to  100  pounds  per  square 
inch; 

e.  Holding  to  250°F  for  45  (^)  minutes; 

f.  Heating  to  350°F  +  10°F  for  180  +  80  minutes; 

g.  Cooling  under  pressure  and  vacuum  to  175°F  before 
removing  from  the  press. 

Material  acceptance  was  by  visual  inspection  for  general 
condition  and  surface  anomalies,  ultrasonic  through-transmission 
inspection  for  cracks  and  delaminations,  and  conventional  X-radio- 
graphic  inspection  for  voids  and  inclusions.  Ultrasonic  inspection 
was  performed  using  a  10  megahertz  0.375  inch  diameter  focused 
transducer  in  the  normal  through  transmission  reflector  plate  mode. 

X- radiographic  inspection  was  performed  at  15  kilovolts,  20  milliamperes , 
48  inch  target/film  distance  with  Kodak  type  M  film.  Exposure  times 
were  3,  6  and  10  minutes  respectively  for  8,  16  and  24  ply  material. 

Sheet  material  was  fabricated  in  sufficient  quantity  to  accommo¬ 
date  development  of  impact  damage  techniques,  radiographic  techni¬ 
ques  optimization  and  material/technique  characterization. 

2.  Test  Specimen  Preparation 

a.  8-Ply  Specimens 

Thirty  (30)  four  (4)  inch  by  four  (4)  inch  test  speci¬ 
mens  were  cut  from  the  8  ply  sheet  material.  Edges 
were  dressed  and  each  specimen  was  identified  using 
a  vibro-etch  marker  according  to  their  respective 
location  within  the  8-ply  sheet.  Specimens  were 
identified  as  8-1  through  8-30,  with  the  identi¬ 
fication  on  the  botton  (platen)  side.  Specimen 
thickness  varied  from  0.042  to  0.044  inches.  8  ply 
specimens  were  subsequently  used  in  optimization  and 
material  compatibility  studies. 

b.  16-Ply  Specimens 

Twenty  (20)  three  and  nine  tenths  (3.9)  inch  by  twelve 
(12)  inch  specimens  were  cut  from  16-ply  sheet  ma¬ 
terial  with  the  0  degree  outer  plies  oriented  along 
the  long  (12  inch)  dimension.  Edges  were  dressed 
and  each  specimen  was  identified  according  to  the 
material  sheet  number  and  location  within  the  16- 
ply  sheets.  Specimens  were  identified  as  16A  or 
B-l  through  10.  Two  additional  panels  were  cut  from 
a  third  sheet  and  were  identified  as  16B-11  and 
16B-12  respectively.  Specimen  identification  was  main¬ 
tained  on  the  bottom  (platen)  side.  Specimen  thick¬ 
ness  varied  from  0.094  to  0.096  inches. 


6 


6061-T6  aluminum  alloy  doublers  (grip  end  rein¬ 
forcement)  3.9  inches  X  3.9  inches  X  0.100  inches 
thick  were  bonded  to  both  sides  of  both  ends  of 
each  specimen  using  "Hysol"  EA  9030,  epoxy  resin 
(a  room  temperature  curing  adhesive) .  Prior  to 
bonding,  a  5  degree  tapered  edge  was  machined  in 
the  end  of  each  doubler  plate  as  shown  in  Figure 
2. 

The  taper  extended  approximately  0.7  inch  back 
from  the  gage  section  of  the  specimen.  Sixteen 
ply  panels  were  used  in  optimization,  compatibility 
and  fatigue  test  studies. 

c.  24-Ply  Specimens 

Thirty  (30),  four  (4)  inch  by  four  (4)  inch  test 
specimens  were  cut  from  the  24  ply  sheet  material. 

Edges  were  dressed  and  each  specimen  was  identified 
using  a  vibro-etch  marker  according  to  their  respect¬ 
ive  location  within  the  24-ply  sheet.  Specimens 
were  identified  as  24-1  through  24-30  respectively, 
with  the  identification  on  the  bottom  (platen)  side. 
Specimen  thickness  varied  from  0.142  to  0.144  inches. 
Twenty  four  ply  panels  were  subsequently  used  for 
optimization  and  compatibility  studies. 

3.  Single  Exposure  X-radiographic  Technique  Optimization 

Optimization  of  X-radiographic  techniques  was  performed 
by  iterative  exposure  of  graphite  test  samples  using  various, 
commercially  available  films,  X-ray  sources  and  exposure  conditions. 
Image  Quality  Indicators  (penetrameters)  and  step-wedges  were  used 
in  combination  with  8,  16  and  24-ply  specimens  to  compare  and 
optimize  exposure  techniques. 


a.  Film 

Four  (4)  types  of  X-ray  film  were  selected  to 
evaluate  relative  film  image  contrast.  These  in¬ 
cluded: 


.  Kodak  T* 

.  Kodak  M 

.  Kodak  DR  (Double  Emulsion) 

.  Kodak  SR  (Single  Emulsion) 

♦Eastman  Kodak  Company,  Rochester,  N.Y. 
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FIGURE  2 


FATIGUE  TEST  SPECIMEN 


The  four  Kodak  films  were  representative  of  the 
range  of  industrial  film  types  that  were  readily 
available . 

b.  X-Ray  Sources 

Four  (4)  X-ray  systems  were  evaluated  which  pro¬ 
vided  variation  in  energy  distribution.  These 
consisted  of: 

Norelco  150  Kilovolts,  24  milliamperes , 

3  millimeter  thick  beryllium  window,  .7  and 
2.5  millimeter  focal-spot  sizes. 

Balteau,  5-50  Kilovolts,  20  milliamperes, 

.25  millimeter  thick  beryllium  window,  1.5 
millimeter  focal  spot  size. 

.  Magnaflux  MXK-100M,  microfocus  X-ray  unit, 

0  to  100  Kilovolts,  0  to  1  milliamperes, 

.030  inch  (.75  millimeters)  thick  beryllium 
window,  variable  focal  spot  size  from  0.05 
millimeters  to  0.5  millimeters.  Norelco-MCN- 
161  metal  ceramic  tube,  160  Kilovolts,  40 
milliamperes,  1  millimeter  beryllium  window, 

.4  and  3.0  focal  spot  sizes. 

All  of  the  X-ray  systems  generally  differed  in  the 
energy  (Kilovoltage)  range  available,  focal  spot 
size,  and  inherent  filtration  (Thickness)  of  the 
beryllium  window) .  All  units  have  tungsten  target 
tubes . 

A  large  focal  film  distance  (FFD)  was  selected 
to  obtain  improved  geometric  sharpness  in  all 
exposures . 

c.  Technique 

The  goal  of  the  optimization  was  to  produce  an 
image  at  the  lowest  possible  energy  (Kilovoltage) 
TKD  level  and  the  greatest  focal  distance  to  ob¬ 
tain  maximim  radiographic  contrast  and  sharpness. 
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Preliminary  tests  showed  that  the  thinnest  panel 
(8  ply  -  0.042  to  0.044  inch)  could  not  be  pene¬ 
trated  at  10  KV  with  a  48  inch  FFD.  Further  tests 
showed  that  penetration  was  possible  at  15  KV. 

15  KV  was  selected  as  lowest  energy  value  for  all 
trials.  Various  selected  energy  levels  above 
this  value  were  used  for  each  equipment  type,  up  to 
100  KV  maximum.  To  optimize  the  standard  method, 
exposures  were  made  using  one  (1)  panel  from  each  ply 
type  with  all  exposure  parameters  and  film  types 
recorded  as  shown  in  the  following: 

TABLE  1  Balteau  5-50 

TABLE  2  Norelco  MG  150 

TABLE  3  Norelco  MCN  161 

TABLE  4  Magnaflux  MXK  100 

Reduction  of  the  focal  film  distance  to  24  inches 
was  required  for  use  of  the  Magnaflux  MXK  100  unit 
(Table  4)  due  to  its  low  current  radiation  output 
at  the  small  focal  spot  size.  The  small  spot  size 
option  was  designed  to  reduce  geometric  unsharpness 
thus  requiring  a  lower  current/radiation  output  for 
a  given  exposure.  Assessment  of  type  T  film  was 
eliminated  from  the  Magnaflux  MXK  100  unit  evalua¬ 
tion  due  to  practical  limitations  in  the  unit  at 
low  current  settings. 

d.  Image  Quality  Indicator 

Special  penetrameters  (image  quality  indicators) 
were  fabricated  from  graphite/epoxy  composite 
material  for  use  as  visual  image  quality  indicators. 
Penetrameters  were  fabricated  from  single  ply/pro¬ 
cured  material  sheets  produced  with: 

1)  No.  181  glass  bleeder  cloth  impression  on 
surface  0.006  inches  thick 

2)  No.  108  glass  bleeder  cloth  impression  on 
surface  0.006  inches  thick 

3)  No.  112  glass  bleeder  cloth  impression  on 
surface  0.006  inches  thick 

Penetrameter  size  and  hole  size/configuration  were 
kept  as  close  as  possible  to  that  in  Mil  Std  00453. 
(See  Figure  3) .  The  No.  112  glass  bleeder  form  was 
selected  for  application  by  comparison  of  X-ray 
images  of  the  types.  The  No.  112  penetrameters 
were  used  as  internal  image  quality  indicators 
in  all  subsequent  exposures. 
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e. 


Optimum  Exposure  Technique 


FIGURE 


An  optimum  film/exposure  technique  was  selected  for 
each  material  thickness  by  comparison  of  image 
quality  produced  by  all  techiques.  Coincidence 
selection  methods  were  used  with  a  requirement 
that  two  independent  observers  select  the 
same  "best"  exposure  from  each  group.  Three 
different  observers  were  used  in  the  selection 
of  the  "optimum"  technique. 


3  GRAPHITE/EPOXY  PENTRAMETERS  USED  AS  IMAGE  QUALITY 
INDICATORS  FOR  X- RADIOGRAPHIC  EXPOSURES 
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Current  in  milliampei-es  Inherent  filtration  -  3  millimeters  beryllium 

Time  in  minutes;  seconds  Tareet  size  -  .7  millimeters 

Density  in  ~S  units  Target  material  -  Tungsten 

Distance  -  48  inches  Type  of  unit  -  Fixed 
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The  optimized  technique  selected  and  used  for  subse¬ 
quent  exposures  was : 


1)  Equipment: 

Balteau,  5-50  Kilovolts,  20  milliamperes 

2)  Film  Type: 

Eastman  Kodak  Industrex  R  Film 

Double  coated  -  code  DR-5,  with  automatic  processing 

(X-omat) 

3)  Exposure  Parameters: 


Ply  Kilovoltage  Milliamperes  Time  FFD 


8 

15 

20 

4 

Min. 

50 

16 

15 

20 

8 

Min . 

50 

24 

15 

20 

16 

Min. 

50 

NOTE:  Focal  film  distance  (FFD)  was  increased  to 

50  inches  for  convenience  in  calculations. 

4.  Introduction  of  Controlled  Impact  Damage 

Methods  for  introducing  low  energy  impact  damage  were 
evaluated  by  systematic  introduction  of  damage  by  various  indenter 
shapes  and  at  increasing  energy  levels.  The  impact  damage  was 
intended  to  simulate  dropping  a  sharp  tool  (such  as  a  screwdriver) 
from  high  height.  A  damage  level  was  selected  to  simulate  a  worst 
case  condition  for  such  an  event  and  included  broken  fibers  on  the 
impacted  face.  A  method  of  consistently  and  reproducibly  introduc¬ 
ing  the  required  damage  was  established  by  visual  comparison  of  the 
damage  introduced  to  that  produced  by  the  dropped  screwdriver  samples. 
Test  specimen  size  were  selected  to  assure  that  damage  did  not  ex¬ 
tend  to  the  specimen  edge. 


Controlled  damage  was  produced  by  use  of  an  80  inch-pound 
Gardner  variable  impact  tester  as  shown  in  Figure  4.  The  unit 
featured  a  930  gram  drop  weight  mounted  in  a  guide  tube.  Inter¬ 
changeable  steel  impact  tools  (punches)  were  designed  and  built  to 
simulate  reasonable  impact  damage.  Four  punches  were  built  as 
shown  in  Figure  5. 


No.  1 

Punch 

No.  2 

Punch 

No.  3 

Punch 

No.  4 

Punch 

Blunt  nose,  0.634  inch  diameter  with  a 
large  radius. 

Similar  to  a  screwdriver  tip. 

Blunt  nose,  0.300  inch  diameter  with  a 
small  radius. 

Similar  to  a  phillips  screwdriver  tip. 
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FIGURE  4  VARIABLE  IMPACT  TESTER 


FIGURE  5  IMPACT  TOOLS  (PUNCHES) 


a  * 


Damage  was  produced  by  dropping  the  weight/impacter  on  to 
a  panel  from  a  prescribed  height. 

5-  Candidate  Opaque  Penetrant  Materials  Selection 

Use  of  X-ray  opaque  penetrant  materials  in  imaging  com¬ 
posite  damage  had  been  previously  demonstrated  (Ref.  5-6).  Pene¬ 
trants  used  in  previous  applications  had  been  halogenated  organic 
compounds.  The  toxic  nature  and  reactivity  of  many  of  these  com¬ 
pounds  made  selection  of  a  stable  form  and/or  an  alternate  material 
desirable. 

a.  Three  halogenated  organic  compounds  were  selected 
for  baseline  studies  to  provide  a  basis  for  com¬ 
parison  with  and  a  bridge  to  previously  successful 
application  of  X-radiography  to  graphite-epoxy 
materials.  These  included: 

.  Tetrabromoethane  -  (TBE) 

.  1,  4  Diiodobutane  -  (DIB) 

.  Diiodomethane  -  (CH2I2  -  methylene  iodide) . 

b.  Two  industrial  X-ray  opaque  penetrant  mixtures  were 
selected.  These  included: 

(Diiodomethane  base  material) 

.  ZLX-418B  -  Magnaflux  Corporation,  Chicago, 

Illinois 

.  TlOOX  -  Uresco,  Inc.,  Cerritos,  California 

c.  Stable  organic  iodine  compounds  are  used  extensively 
in  medical  X-radiography  and  were  potentially  ap¬ 
plicable  to  inspection  of  graphite/epoxy  materials. 

One  material  was  selected  from  medical  sources  for 
potential  application. 

Amipaque  (Metrizamide)  is  used  in  medical  applica¬ 
tions  as  a  subarachnoid  contrast  medium,  for  study 
of  the  spinal  cord  and  adjacent  structures.  It  is 
water  soluble.  It  was  mixed  in  proportion  to  300  mg/ml 
for  application  to  graphite/epoxy. 

d.  An  X-ray  opaque  liquid  penetrant  material  was  develop¬ 
ed  in  our  laboratories  as  a  potential  low-cost,  non¬ 
toxic  alternative  to  the  halogenated  organic  compounds. 
The  material  is  based  on  zinc  iodide  (Znl2)  as  the  X- 
ray  opaque  material.  Both  zinc  and  iodine  (iodides) 
are  required  in  the  human  diet;  iodides  in  alcohol 
solution  are  used  in  antiseptic  solutions  -  No 
special  handling  precautions  have  been  identified  for 
general  use.  (See  Appendix  B) 
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Zinc  iodide  is  readily  soluable  in  water,  alcohol 
and  alkalies  and  can  thus  be  applied  in  relatively 
high  concentrations.  Penetrant  properties  of  zinc 
iodide  solution  were  improved  by  adding  alcohol 
to  give  it  both  polar  and  non-polar  solvent  properties, 
and  by  adding  a  wetting  agent  (surfactant)  such  as 
a  linear  alcohol  alkoxylate  to  reduce  the  surface 
tension  of  a  solution.  The  initial  formulation  for 
the  zinc  iodide  penetrant  solution  was  as  follows: 

.  Zinc  iodide  (Zn^)  ~  60  grams 

.  Water  (l^O)  -  10  milliliters 

.  Isopropyl  alcohol  (CH^CHOHCH^)  -  10  milliliters 

.  Kodak,  "Photo  Flo  600"  -  1  milliliter 
(as  a  wetting  agent) 

Alternative  materials  considered  included  lead  acetate, 
tetraethyl  lead,  barium  halides,  etc.  These  were 
right  in  favor  of  2inc  iodide  due  to  increasing  com¬ 
plexity  in  handling  and  application. 

6.  Stereo-X-radiography 

Stereo  X-radiography  is  the  X-radiographic  equivalent  of 
optical  stereography  in  which  two  images  are  produced  as  viewed  from 
slightly  different  angles  and  are  then  optically  recombined  to  pro¬ 
duce  an  apparent  three  dimensional  image.  The  image  emulates  the 
two  images  normally  viewed  by  the  human  eyes  due  to  the  spacing  be¬ 
tween  the  eyes.  (See  Figure  6) . 

A  stereo  X-radiograph  film  pair  is  produced  by  using 
an  X-ray  tube  (source)  to  replace  a  white  light  source  in  exposing 
two  (separate  films)  placed  in  slightly  different  positions  with 
respect  to  the  test  object.  Several  geometries  for  X-ray  ex¬ 
posure  may  be  used  to  produce  stereo  images. 

a.  The  source  displacement  method  shown  in  Figure  7 

involves  holding  the  test  object  immobile  while  the 
X-ray  tube  is  shifted  in  order  to  expose  two  X- 
radiographs  from  a  slightly  different  perspective. 
Generally,  the  tube  shift  is  one-tenth  the  target 
to  film  distance  (1:10,  ratio).  At  short  target 
to  film  distances,  the  ratio  may  be  increased  to 
1:13  to  1:16  to  reduce  eye  strain.  The  tube  is 
generally  positioned  such  that  the  two  exposures 
are  made  with  the  tube  positioned  at  an  equal 
distance  on  either  side  of  the  centerline  of  the 
test  object. 
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Such  techniques  are  used  routinely  in  industry  to 
locate  the  depth  of  anomolies  within  a  weld,  the 
depth  of  a  component  within  a  potted  electronics 
module,  etc. 

b.  The  object  displacement  method  shown  in  Figure  8 
involves  holding  the  X-ray  source  immobile  while 
shifting  (laterally  displacing)  the  test  object 
in  order  to  expose  a  stereo  X-radiograph  pair. 

The  source  displacement  and  tube  displacement 
methods  produce  identical  results  and  may  be  used 
interchangeably  for  convenience  in  test  set-up. 

c.  The  object  tilt  method  shown  in  Figure  9  involves 
holding  the  X-ray  source  immobile  and  tilting  the 
test  object  with  respect  to  the  source  axis  to 
expose  a  stereo  X-radiograph  pair. 

The  stereo  X-radiographic  pairs  may  be  viewed 
with  the  aid  of  a  "stereo  viewer”  to  "recombine" 
the  images  for  viewing  in  the  three  dimensional 
mode.  Figure  10. 
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FIGURE  10  DIAGRAM  SHOWING  VIEWING  OF  A  STEREO  X-RADIOGRAPH  PAIR 
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The  stereo-mode  provides  a  three  dimensional  view  of  the  volume 
of  a  test  object  and  may  be  used  as  a  tool  to  locate  an  area  of 
interest  within  the  volume.  Its  capability  for  interrogation  of 
a  volume  distinguishes  it  from  other  three  dimensional  interroga¬ 
tion  techniques  such  as  tomography  (laminography ,  planigraphy, 
stratigraphy  and  vertigraphy)  in  which  a  selected  plane  through 
the  object  is  imaged  while  structures  above  and  below  the  selected 
plane  are  blurred.  The  stereo  mode  was  selected  as  the  most 
useful  technique  to  monitor  interaction  of  damage  initiation 
sites  and  damage  mechanisms  in  composites.  The  object  displace¬ 
ment  method  was  selected  for  its  ease  of  application  and  control 
afford  without  use  of  special  tooling. 

7.  Stereo-X- Radiographic  Technique  Analysis  Optimization 

Exposure  and  evaluation  techniques  for  evaluation  of  the 
graphite  epoxy  panels  by  the  stereo-x-radiographic  method  were 
optimized  by  successive  evaluation  of  16  ply  and  24  ply  panels. 
Stereo  radiograph  pairs  were  exposed  using  selected  x-ray  opaque 
penetrants  with  the  optimized  exposure  technique  previously 
developed.  Stereo  X-radiographs  were  viewed  and  analyzed  with  the 
aid  of  a  Wild,  Model  ST-4  Mirror  Stereoscope  and  a  standard 
light  box  as  shown  in  Figure  11. 
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FIGURE  11  WILD  ST-4,  MIRROR  STEREOSCOPE  (VIEWER) 
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The  conditions  of  viewing  the  radiographs  should  be  similar 
to  the  conditions  under  which  they  were  exposed;  the  two  eyes 
take  the  place  of  the  two  positions  of  the  focal  spot  of  the  x-ray 
tube,  and  the  radiographs,  as  reflected  in  the  mirrors,  occupy 
the  same  position  with  respect  to  the  eyes  as  did  the  films  with 
respect  to  the  tube  during  the  exposures. 

When  each  exposure  is  made,  x-rays  emerge  from  the  focal 
spot  of  the  x-ray  tube  and  pass  through  the  object  to  the  film. 
Then,  when  the  two  radiographs  are  properly  mounted  in  the 
stereoscope,  the  light  rays  from  the  illuminators  pass  through 
them  and  into  the  corresponding  eyes,  reproducing  in  reverse 
direction  the  paths  followed  by  the  x-rays  in  the  exposure  of 
the  object.  The  observer  sees  the  image  of  the  object  part 
just  as  the  x-ray  tube  "saw"  it. 

In  the  case  of  radiographs  exposed  a.t  long  focus-film 
distances,  a  strict  application  of  the  correct  conditions  for 
viewing  stereoradiographs  would  require  that  the  eye-radiograph 
distance  be  equal  to  the  focal-film  distance  used  in  making  the 
exposures.  Such  long  viewing  distances  are  impractical  with  the 
usual  stereoscopes,  and  furthermore,  would  make  it  difficult  to 
see  the  finer  details  in  the  images.  However,  by  using  the 
appropriate  stereoscopic  tube-shifts  at  the  longer  focus-film 
distance,  it  is  possible  to  view  the  radiographs  at  short 
distances  with  negligible  distortion  of  the  stereoscopic  images. 
Suitable  tube-shifts  for  various  focus-film  and  eye-radioaraoh 
distances  are  given  by  the  manufacturers  of  the  equipment. 

A  2  9/16-inch  interpupillary  distance  is  assumed,  since  this 
has  been  found  to  be  average.  The  viewing  distance  should  suit 
the  observer.  (Ref.  4-5) . 

Variables  assessed  during  technique  optimization  include; 

The  angular  separation  between  views 

Detection 

Sizing 

Depth  resolution 

8.  Step  Wedge  Development 

Comparison  of  initial  exposures  revealed  a  need  to 
provide  an  internal  reference  for  use  in  assessment  of  the  depth 
resolution  capabilities  of  an  exposure  technique.  A  circular 
step  wedge  was  designed  and  fabricated  for  this  purpose. 

A  circular  step  wedge  configuration  was  selected  to 
provide  an  internal  reference  of  depth  within  the  radiographic 
image  and  to  cover  a  minimum  area  such  that  geometric  unsharpness 
and  radiation  flux  were  essentially  constant  across  the  image. 

Step  wedges  were  fabricated  to  simulate  individual  ply 
steps  for  each  of  the  specimen  panel  configurations  (i.e.,  8, 

16,  and  24  ply) .  A  mold  was  machined  from  6061  aluminum  having 
a  circular  stair  step  configuration  with  steps  equal  to  that  of 
a  single  ply  of  graphite  material.  (See  Figure  12) 
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FIGURE  12  STEP  WEDGE  MOLD 
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FIGURE  13  STEP  WEDGE  CLEAR  CAST 


24 


A  step  wedge  casting  was  then  made  from  "Clear  Cast" 
liquid  casting  plastic  (Figure  13).  Castings  were  machined  and 
sanded  to  finished  dimensions.  "Clear  Cast"  was  selected  because 
its  x-ray  absorption  characteristics  were  nearly  the  same  as 
the  graphite  epoxy. 

Lead  beads  were  then  attached  to  each  step,  and  in  the 
center  at  the  bottom  of  the  step  wedge.  These  were  used  as  an 
aid  in  the  location  of  the  various  steps  and  depths  during  stereo 
viewing  and  during  technique  quantification. 

An  impact  damaged,  16  ply  specimen  with  ZLX-418B , 
penetrant  was  used  to  compare  techniques.  Exposures  were 
made  using  the  establ ished  exposure  parameters  by  the  object 
displacement  method  at  10:1  and  5:2  shift  ratios.  (Bee  Figure 
14) .  The  5:2  shift  ratio  was  judged  to  he  the  maximum  value 
obtainable  within  the  uniform  cone  of  radiation  at  a  50  inch  FFD. 
(Focal  Film  Distance)  Figure  15  is  a  stereo-x-ray  image  pair  of 
an  impact  damaged  (15  inch-pounds,  no  backing) ,  area  in  the 
center  of  a  16  ply  specimen  Exposures  were  made  at  a  10:1 
shift  ratio.  Figure  16  is  a  stereo  x-ray  image  pair  of  the 
same  specimen  with  exposures  made  at  a  5:2  shift  ratio.  (See 
.Appendix  B  for  tips  on  viewing  Stereo-X-RadiograDhs) .  Exposures 
made  at  the  5:2  shift  ratio  produced  greater  apparent  image  depth 
as  viewed.  A  5:2  shift  ratio  was  selected  for  all  subsequent 
exposures . 

0.  Stereo-X-Radiographi c  Technique  Validation 

Impact  damage  was  inflicted  in  a  24  ply  specimen  (No. 
24-29)  u=inci  punch  No.  1  at  15-inch  pounds  with  no  backing. 

(See  Figure  17) .  An  X-radiograph  of  the  specimen  without  pene¬ 
trant  revealed  no  apparent  damage.  (Bee  Figure  18) .  ZLX-418B 
penetrant  was  applied  to  the  top  side  of  the  specimen  (over  the 
damaged  area)  and  allowed  to  dwell  for  30  minutes.  An  X-radicgraph 
cf  the  specimen  showed  very  little  capillary  action  or  movement 
of  penetrant  into  the  damaged  area.  (See  Figure  19) 

ZLX-418B  penetrant  was  applied  to  the  bottom  side  of 
the  specimen  (over  the  damaged  area)  and  allowed  to  dwell  for  30 
minutes.  An  X-radiograph  of  the  specimen  revealed  qood  capillary 
action  of  nenetrant  and  nood  imaging  of  the  damaged  area. 

(See  Figure  20) 

Stereo  x- radiographs  wer°  made  of  the  damaged  specimen 
(with  penetrant)  using  a  5:2  shift  ratio.  (Figure  2D  The  stereo 
radiographs  were  analyzed  by  three  experienced  radiographers 
and  estimates  of  damage  depth/location  made.  The  largest 
delamination  area  was  judged  to  be  at  level  (step)  2  or  0.036 
inch  above  the  bottom  surface  of  the  specimen.  The  specimen  was 
then  microsectioned  through  the  damaged  area  and  the  damage 
location  was  confirmed.  Figure  22  shows  a  photomicrograph 
of  a  section  of  the  damaged  area  in  specimen  No.  24-29.  The 
dark  line  near  the  bottom  of  the  photomicrograph  is  a  delamination. 

These  evaluations  confirmed  the  use  of  the  X-ray  stereo 
technique  and  highlighted  the  importance  of  getting  penetrant 
into  the  damaoed  area  (s)  . 
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FIGURE  17  -  LOCATION  OF  IMPACT  DAMAGE  IN  TEST  VALIDATION 
SPECIMEN  NO.  24-29 


FIGURE  18  X- RADIOGRAPH  OF  TEST  VALIDATION  SPECIMEN 
NO.  24-29  AFTER  IMPACT  WITH  NO  PENETRANT 
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FIGURE  19  X- RADIOGRAPH  OF  TEST  VALIDATION  SPECIMEN  NO.  24-29, 
AFTER  30  MINUTE  DWELL  OF  ZLX-413B  PENETRANT  APPLIED 
TO  THE  TOP  SIDE  OF  THE  SPECIMEN 


FIGURE  20  X- RADIOGRAPH  OF  TEST  VALIDATION  SPECIMEN  NO.  24-29, 
AFTER  30  MINUTE  DWELL  OF  ZLX-413B  PENETRANT  APPLIED 
TO  THE  BOTTOM  SIDE  OF  THE  SPECIMEN 


FIGURE  21  X-RAY  STEREO  PAIR  OF  TEST  VALIDATION  SPECIMEN  NO.  24-29 
AFTER  PENETRANT  APPLICATION 


FIGURE  22  PHOTOMICROGRAPH  OF  A  DAMAGED  SECTION  OF  SPECIMEN 

OF  SPECIMEN  NO.  24-29 
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10.  Conclusions: 


Conclusions  from  the  penetrant  selection  and  X-radiographic 
technique  optimization  studies  were  as  follows: 

a.  An  x-ray  opaque  enhancement  material  is  required 
for  x-radiographic  imaging  of  impact  damage  in 
resin  matrix-graphite  composite  material. 

b.  Optimized  X-radiographic  exposure  techniques  for 
graphic/epoxy  specimens  wer,e  established  by 
comparative  analysis  of  images  produced  by  different 
exposure  techniques  and  materials.  Comparative 
analysis  of  exposures  was  aided  by  use  of  fabricated 
image  quality  indicators  (penetrameters) . 

The  optimized  exposure  technique  consisted  of: 

Equipment  -  "Balteau0,  5-50  Kilowatts,  20 
milliampere 

Film  -  "Eastman  Kodak,  Industrex",  Type  R, 

Double  Emulsion  with  automatic  processing. 

Exposure  parameters. 


PLY 

KILOVOLTAGE 

MILLI AMPERES 

TIME 

FFD 

8 

15 

20 

4  Min. 

50  inch 

16 

15 

20 

8  Min. 

50  inch 

24 

15 

20 

16  Min. 

50  inch 

c.  Controlled  methods  for  introducing  impact  damage  in 
graphite/epoxy  composite  materials  were  established 
using  a  "Gardner  Impact  Tester"  with  modified 
indenters  (punches) . 

d.  Seven  candidate  x-ray  opaque  imaging  penetrants 
were  identified.  No  reference  for  previous  use  of 
three  (3)  of  the  candidates  (Diiodomethane , 

Amipaque,  and  Zinc  Iodide)  were  found  in  a  literature 
search. 
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e.  An  optimized  stereo-x-radiographic  exposure  technique 
was  developed  which  provided  control  in  exposure, 

ease  in  viewing  depth  resolution,  and  ease  in  analysis. 
The  technique  consisted  of: 

1)  .  X-ray  exposure  using  the  optimized  exposure/ 

processing  parameters 

2)  .  Exposure  by  the  object  displacement  method 

using  a  5:2  shift  ratio. 

3)  .  Use  of  circular  step  wedge  for  image  analysis 

and  depth  estimation. 

f.  A  special  circular  step  wedge  was  developed  for  use 
in  stereo  image  analysis  studies. 
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SECTION  III 


IMPACT  DAMAGE  ASSESSMENT 


1.  General 

The  purpose  of  the  impact  damage  assessment  studies 
was  to  establish  methods  for  introducing  controlled  impact  damage 
in  graphite/epoxy  composite  materials  and  to  use  damaged  speci¬ 
mens  in  evaluating  X-ray  opaque  penetrant  materials  for  imaging 
impact  damage.  An  iterative  process  of  damage  introduction  and 
damage  assessment  was  used  to  minimize  and  direct  experimental 
effort. 


A  Gardner  Impact  Tester  had  been  shown  to  be  desirable 
and  useful  in  previous  studies.  Options  for  use  in  graphite/ 
epoxy  composite  materials  included: 

Variation  in  the  shape  of  the  indenter  (punch) 

(four  types  were  selected) . 

Variation  in  the  impact  energy  level.  (5  to  80 
inch  pounds  selected  from  previous  work) . 

Variation  in  panel  backing  during  impact. 

Initial  impact  damage  was  inflicted  using  a  solid 
metal  (stainless  steel)  backing  to  simulate  impact  over  an 
attachment  area  such  as  an  Aircraft  Stringer.  Damage  inflicted 
was  less  severe  and  was  not  judged  to  be  as  wide  as  impact 
over  an  unsupported  area.  After  initial  assessment  of  impact 
with  solid  backing,  all  damage  was  inflicted  with  "no  backing". 

Unsupported  (no  backing)  area  impact  was  inflicted 
by  positioning  the  location  of  impact  over  the  center  of  a  four  (4) 
inch  diameter  by  three  and  one-eighth  (3  1/8)  inch  thick  block 
with  a  center  hole  one  and  one-quarter  (1$$)  inch  in  diameter. 

The  block  material  was  stainless  steel.  The  one  and  one-quarter 
(1^)  inch  diameter  hold  was  selected  as  the  maximum  practical 
size  that  would  provide  edge  support  for  the  specimen  sizes  to 
be  damaged. 

Evaluations  completed  and  the  results  obtained  by  suc¬ 
cessive  application  of  various  penetrant  materials  by  X-radiographic 
imaging  of  specimens  containing  varying  degrees  of  impact  damage 
are  presented  in  the  following: 

2.  Impact  Damaged  Specimen  Preparation 

a.  8  Ply  Specimens 

1).  Specimen  8-29.  Impact  damage  was  inflicted 

on  specimen  8-29  with  no  backing,  in  four  (4) 
locations  using  tool  (punch)  No.  1  at  2,  4,  6 
and  8  inch-pound  energy  levels.  Damage 
locations  are  shown  schematically  in  Figure  23. 
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Tool  #1 


Tool  #1 


4  in/lb 


6  in/lb 


Tool  #1 


Tool  #1 


2  in/lb 


8  in/lb 


FIGURE  23  DAMAGE  LOCATIONS  IIJ  SPECIMEN  8-29 
(SPECIMEN  SHOWN  ACTUAL  SIZE) 


FIGURE  24  CONVENTIONAL  X-RADIOGRAPH  OF  SPECIMEN  8-29 
AFTER  IMPACT  -  NO  PENETRANT 
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Conventional  X-radiographic  inspection  without 
penetrant  revealed  no  evidence  of  damage  in  the 
2  and  4  inch  pound  impact  areas  and  revealed 
cracking  the  6  and  8  inch  pound  impact  areas. 
(Figure  24) 


80  in/lb  60  in/lb  40  in/lb  20  in/lb 


FIGURE  25  DAMAGE  LOCATIONS  IN  SPECIMEN  8-30 
(SPECIMEN  SHOWN  ACTUAL  SIZE) 


2).  Specimen  8-30.  Impact  damage  was  inflicted 

on  Specimen  8-30,  with  solid  backing,  in  sixteen 
(16)  locations  using  tool  (punch)  No.  1,  2,  3 
and  4  at  20,  40,  60  and  80  inch-pound  energy 
levels.  Damage  locations  are  shown  schematical ly 
in  Figure  25.  Conventional  X-radiography , 
with  no  penetrant,  revealed  extensive  damage 
from  tools  No.  2,  3  and  4  and  slight  damage 
from  tool  No.  1.  (Figure  26) 
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FIGURE  26  CONVENTIONAL  X- RADIOGRAPH  OF  SPECIMEN  8-30 

AFTER  IMPACT  -  NO  PENETRANT 
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b.  Sixteen  (16)-  Ply  Specimens 

1)  .  Specimen  16A10.  Impact  damage  was  inflicted 

on  specimen  16A-10,  with  no  backing,  in 
sixteen  (16)  locations  using  tool  (punch) 

No.  1,  2,  3  and  4  at  20,  40,  60,  and  80  inch- 
pound  energy  levels.  Damage  locations  are 
shown  schematically  in  Figure  27.  Conventional 
X-radingraphv ,  with  no  penetrant,  revealed 
damage  from  tool  No.  2,  3,  and  4  at  all  energy 
levels.  No  apparent  damage  from  tool  No.  1 
was  revealed  (Fiaure  28) . 

2) .  Specimen  X16-20.  Impact  damage  was  inflicted 

on  specimen  X16-20,  with  no  backing,  in  three 
locations,  using  tool  (punch)  No.  1  at  10,  15, 
and  20  inch-pounds.  Damage  locations  are  shown 
schematically  in  Figure  29.  Conventional 
X-radioqraphy with  no  penetrant,  revealed  no 
apparent  evidence  of  damage.  (Figure  30) 

c.  Twenty-Four  (24)-  Ply  Specimens 

1) .  Specimen  24-24.  Impact  damage  was  inflicted 

on  specimen  24-74,  with  no  backing,  in  one  (1) 
location  using  tool  (punch)  No.  1  at  a  15  inch- 
Dound  energy  level.  Damage  location  is  shown 
schematically  in  Figure  31.  Conventional 
X-radiography ,  with  no  penetrant,  revealed  no 
apparent  damaqe  (Figure  32) . 

2) .  Specimen  24-26.  Impact  damage  was  inflicted 

on  specimen  24-26,  with  no  backing,  at  four  (4) 
locations  using  tool  (punch)  No.  1  at  a  20 
inch-pound  energy  level.  The  four  (4)  locations 
(A  through  D)  were  designated  for  application 
of  various  penetrant  materials  in  subsequent 
comDarative  evaluations.  Damage  locations 
and  penetrant  designation  are  shown  schematically 
in  Figure  33.  Conventional  X-radiography,  with 
no  penetrant,  revealed  no  apparent  damage 
(Figure  34) . 

3) .  Specimen  24-27.  (Specimen  24-27  was  identical 

to  specimen  24-26)  .  Impact  damage  was  inflicted 
on  specimen  24-27,  with  tool  (punch)  No.  1 
at  a  20  inch-pound  energy  level.  The  four  (4) 
locations  (A  through  D)  were  designated  for 
application  of  various  penetrant  materials  in 
subsequent  applications.  Damage  locations  are 
shown  schematically  in  Figure  35.  Conventional 
X-radiography,  with  no  penetrant,  revealed  no 
apparent  damage  (Figure  36)  . 
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FIGURE  27  DAMAGE  LOCATION 

IN  SrECIMEN  16A-10 
(SPECIMEN  SHOWN  HALF-SIZE) 


FIGURE  28  CONVENTIONAL 

X-RADIOGRAPH  OF 
SPECIMEN  16A-10 
AFTER  IMPACT  - 
NO  PENETRANT 


TOOt  #1 


10  IN/LB 


TOOL  #1 
15  I^/LB 


TOOL  #1 
20  I^LB 


FIGURE  29 

DAMAGE  LOCATIONS  IN  SPECIMEN  X16-20 
(SPECIMEN  SHOWN  HALF-SIZE) 
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FIGURE  30 

CONVENTIONAL  X-RADIOGRAPH 
OF  SPECIMEN  X16-20 , 

AFTER  IMPACT  - 
NO  PENETRANT 


SI 


Tool  #1 

Tool  #1 

(A)f  TBE 

(C) 0  Amipaque 

20  In /lb 

20  in/lb 

Tool  #1 

Tool  ill 

(B)  •  DIB 

(D) #  Znlz 

20  in/lb 

20  in/lb 

FIGURE  33  DAMAGE  LOCATION  IN  SPECIMEN  24-26 
(SPECIMEN  SHOWN  ACTUAL  SIZE) 
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20  in /lb 


20  in/lb 


Tool  #1 

(B)  • 

20  in/lb 


Tool  it  1 

(0)  • 

20  in/lb 


FIGURE  35  DAMAGE  LOCATION  IN  SPECIMEN  24-27 
(SPECIMEN  SHOWN  ACTUAL  SIZE) 
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4.)  Specimen  24-28.  Impact  damage  was  inflicted 

on  specimen  24-28,  with  no  backing,  at  four  (4) 
locations  using  tool  (punch)  No.  1,  2,  3, 
and  4  at  a  20  inch-pound  energy  level.  Damage 
locations  are  shown  schematically  in  Figure  37. 
Conventional  X-radiography ,  with  no  penetrant, 
revealed  no  apparent  damage  (Figure  38) . 

3.  X-radiographic  Evaluation  of  Impact  Damaged  Specimens 
with  Various  Penetrants. 

Evaluation  of  impact  damage  in  selected  graphite/epoxy 
composite  material  specimens  were  conducted  to: 

Select  a  controlled  impact  damage  method  for  use  in 
evaluating  damage  growth; 

Select  penetrant  for  use  in  materials  compatibility 
evaluations ; 

*  Select  a  single  penetrant  for  use  in  fatigue  damage 
growth  studies;  and 

Establish  a  penetrant  handling,  application  and  removal 

procedures . 

Evaluation  consisted  of  iterative  test  and  analysis  as 
described  in  the  following. 

a.  Eight  (8)-  Ply  Specimen,  8-29.  with  ZLX-418B. 

ZLX-418B  was  applied  to  all  damaged  locations  of 
specimen  8-29  and  allowed  to  dwell  for  30  minutes. 
X-radiographic  inspection  of  the  specimen  (Figure  39) 
revealed  the  following: 

1)  .  Little  capillary  movement  of  the  penetrant  and 

slight  damage  at  the  2  inch-pound  location. 

2)  .  Good  capillary  movement  of  the  penetrant  and 

slight  damage  at  the  4  inch-pound  location. 

3)  .  Good  capillary  movement  and  a  large  amount  of 

damage  at  the  6  and  8  inch-pound  locations. 

b.  Eight  (8)-  Plv  Specimen,  8-30,  with  Amipaque. 

Amipaque  Metrizamide  was  applied  to  the  80-inch- 
pound  damage  locations  and  allowed  to  dwell  for  30 
minutes.  X-radiographic  inspection  of  the  specimen 
(Figure  40)  revealed  the  following: 

1)  .  Extensive  damage  at  Tool  No.  1,  2,  and  3 

locations . 

2)  .  Slight  damage  at  the  Tool  No.  4  location. 
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Tool  #1 

Tool  # 2 

• 

• 

20  in/ lb 

20  in/ lb 

No  Backing 

No  Backing 

Tool  #3 

Tool  #4 

• 

• 

20  in/ lb 

20  in/ lb 

No  Backing 

No  Backing 

FIGURE  37  DAMAGE  LOCATION  IN  SPECIMEN  24-28 
(SPECIMEN  SHOWN  ACTUAL  SIZE) 


FIGURE  30  CONVENTIONAL  X- RADIOGRAPH  OF  SPECIMEN  24-28 

AFTER  IMPACT  -  NO  PENETRANT 


FIGURE  39  X- RADIOGRAPH  OF  SPECIMEN  3-29 
WITH  ZLX-413B  AT  ALL  LOCATIONS 
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FIGURE  40  X- RADIOGRAPH  OF  SPECIMEN  3-30  WITH  AMIPAQUE  IN  THE 
80  INCH-POUND  DAMAGE  LOCATIONS 


Sixteen  (16)-  Ply  Specimen.  16A-10,  with  Amipaque. 


c . 


NOTE:  80  inch-pound  damage  locations  were  selected 

for  evaluation  of  all  penetrant  materials  since 
damage  was  believed  to  be  severe  enough  to  provide 
assessment  of  poor  as  well  as  good  materials. 

Amipaque  Metri2amide  was  applied  to  the  80  inch- 
pound  damage  locations  and  allowed  to  dwell  for  30 
minutes.  x-radiographic  inspection  of  the  specimen 
(Figure  41)  revealed  the  following: 

1)  .  Good  capillary  movement  into  damaged  locations 

from  Tool  No.  2,  3.  and  4. 

2)  .  Slight  capillary  movement  and  damaae  in  the 

No.  1  Tool  location. 

The  specimen  was  washed  with  water  and  re-radiographed 
to  assess  penetrant  removal.  The  X-radiograph  (Figure  42) 
revealed  little  penetrant  residue  after  washing. 

d.  sixteen  (16)-  Ply  Specimen,  16A-10.  with  Znl_. 

Zinc  Iodide  (Znl,)  penetrant  solution  was  applied 
to  the  80  inch-pound  damage  locations  and  allowed 
to  dwell  for  30  minutes.  X-radiographic  inspection 
of  the  specimen  (Figure  43)  revealed  the  following: 

1) .  Good  capillary  movement  into  all  damaae  locations. 

2)  .  Slight  damage  in  the  No.  1  Tool  location. 

The  specimen  was  water  washed  and  re-radiographed  to 
verify  penetrant  removal  (Figure  44)  . 

e.  Sixteen  (16)-  Ply  Specimen,  16A-10,  with  ZLX-418B. 

ZLX-418B  penetrant  was  applied  to  the  80  inch-pound 
damage  locations  and  allowed  to  dwell  for  30  minutes 
X-radioqraphic  inspection  of  the  specimen  (Figure  45) 
revealed  good  capillary  movement  into  all  locations. 

The  part  was  cleaned  with  "Tracer  Tek  K-410E  remover 
and  re-radiographed.  The  X-radiograph  showed 
penetrant  retention  in  locations  1,  3,  and  4 
(Fiqure  46) .  The  specimen  was  ultrasonically 
cleaned  in  trichlorethane  for  one  hour  and  re¬ 
radiographed.  Most  of  the  residual  penetrant  was 
removed. 
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FIGURE  41  X- RADIOGRAPH  OF  SPECIMEN  16A-10,  WITH  AMIPAQUE 
IN  THE  80  INCH-POUND  DAMAGE  LOCATION 


FIGURE  42  X- RADIOGRAPH  OF  SPECIMEN  16A-10 
(AMIPAQUE)  AFTER  WATER  WASH 
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FIGURE  43  X- RADIOGRAPH  OF  SPECIMEN  16A-10,  WITH  ZINC  IODIDE  IN 
THE  30  INCH-POUND  DAMAGE  LOCATIONS 


FIGURE  44  X- RADIOGRAPH  OF  SPECIMEN  16A-10, 
(ZINC  IODIDE)  AFTER  WATER  WASH 
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FIGURE  45  X- RADIOGRAPH  OF  SPECIMEN  16A-10,  WITH 

ZLX-4133  in  the  80  INCH-POUND  DAMAGE  LOCATIONS 
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FIGURE  46  X- RADIOGRAPH  OF  SPECIMEN  16A-10,  (ZLX-418B) 
AFTER  CLEANING  WITH  TRACER  TEK  K-410E 
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f.  Sixteen  (16)-  Ply  Specimen,-  16A-10,  with  TBE. 


Tetrabromoethane  (TBE)  was  applied  to  the  80  inch- 
pound  damage  locations  and  allowed  to  dwell  for 
30  minutes.  X-radiographic  inspection  of  the 
specimen  (Figure  47)  revealed  good  capillary  movement 
into  all  locations.  The  specimen  was  ultrasonically 
cleaned  in  trichloroethane  for  one  hour  and  re¬ 
radiographed.  Most  of  the  penetrant  was  removed. 

g.  Sixteen  (16)-  Ply  Specimen,  X16-20,  with  ZLX-418B 

ZLX-418B  penetrant  was  applied  to  all  damage 
locations  and  allowed  to  dwell  for  30  minutes. 
X-radiographic  inspection  of  the  specimen  (Figure  48) 
revealed : 

1)  .  Good  capillary  movement  into  all  locations; 

2)  .  Slight  damage  in  the  10  inch  pound  location? 

and 

3)  .  A  larqe  amount  of  damage  at  the  15  and  20 

inch-pound  locations. 

h.  Twenty-four  (24)-  Ply  Specimen,  24-74,  with  Znl2 

Zinc  Iodide  (Znl2)  was  applied  to  the  specimen  and 
allowed  to  dwell  ror  30  minutes.  X-radiographic 
inspection  of  the  specimen  (Figure  49)  showed  slight 
impact  and  good  capillary  movement  into  the  damaged 
area. 


i.  Twenty-Four  (24)-  Ply  Specimen,  24-26  with  Various 
Penetrants 

Tetrabromoethane  (TBE)  was  applied  to  damage 
location  A; 

Diiodobutane  (niB)  was  applied  to  damage  location 
B: 

Amipaque  Metrizamide  was  applied  to  damage 
location  C;  and 

Zinc  Iodide  (Znl2)  penetrant  was  applied  to  damage 
location  D.  Penetrant  was  allowed  to  dwell  for 
30  minutes.  X-radiographic  inspection  of  the 
specimen  (Figure  50)  revealed  the  followinq: 

1)  .  Good  capillary  movement  into  locations  A, 

B.  and  D. 

2)  .  The  Amipaque  did  not  move  well  into  the  damage 

location  but  instead  crystallized  on  the  surface 
of  the  specimen. 
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FIGURE  47  X- RADIOGRAPH  OF  SPECIMEN  16A-10,  WITH  TETRA8R0M0ETHANE 
IN  THE  30  INCH-POUND  DAMAGE  LOCATIONS 


FIGURE  43  X- RADIOGRAPH  OF  SPECIMEN  X16-20,  WITH  ZLX-410B 

IN  ALT,  DAMAGE  LOCATIONS 


FIGURE  50  X- RADIOGRAPH  OF  SPECIMEN  24-26 
WITH  VARIOUS  PRNETRANTS 
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Twenty-Four  (24)-  Ply  Specimen,  24-27,  with  Various 
Penetrants 

1)  .  Effects  on  penetration  and  removal  properties 

at  various  concentrations  of  X-ray  opaaue 
additives  was  evaluated  by  dilution  of  the 
T-100X  opaque  penetrant  with  P-149  fluorescent 
penetrant  (Uresco) . 

A  mixture  of  10%  (by  volume)  T-100X  with  90% 

P-149  was  applied  to  damage  location  A;  and 

A  mixture  of  50%  T-100X  with  50%  P-149  was 
applied  to  damage  location  B.  The  mixtures 
were  allowed  to  dwell  for  30  minutes.  X- 
radiographic  inspection  (Figure  51)  showed 
no  evidence  of  capillary  movement  into  the 
damage  locations. 

2)  .  The  specimen  was  ultrasonically  cleaned  for 

three  (3)  hours  in  trichloroethance;  T-100X 
applied  full  strength  to  damage  locations  A 
and  B;  and  allowed  to  dwell  for  30  minutes. 
X-radiographic  inspection  (Figure  52)  showed 
some  capillary  movement  into  the  damage 
locations . 

3)  .  The  specimen  was  ultrasonically  cleaned  for  one 

and  one-half  (1%)  hours  in  trichloroethane. 
x-radiographic  inspection  showed  little  movement 
of  opaque  materials. 

T-100X  was  re-applied  to  damage  location  B; 

ZLX418B  was  applied  to  damage  location  C;  and 

Diiodomethane  (DIM)  was  applied  to  damage 
location  D.  Penetrants  were  allowed  to  dwell 
for  30  minutes. 

X-radiographic  inspection  of  the  specimen 
(Fiqure  53)  showed  good  capillary  movement  into 
damage  locations  C  and  D  and  some  movement 
into  location  B.  The  DIM  material  tended  to 
bead  up  on  the  specimen  surface  and  was  somewhat 
more  difficult  to  apply. 

The  specimen  was  ultrasonically  cleaned  for 
five  (5)  hours  in  trichloroethane.  X-radiography 
showed  that  most  of  the  penetrants  remained 
in  the  damage  locations  (Figure  54) . 


FIGURE  51  X- RADIOGRAPH  OF  SPECIMEN  24-27 
WITH  VARIOUS  MIXED  PENETRANTS 


FIGURE  52  X-RADIOGRAPH  OF  SPECIMEN  24-27  AFTER  REAPPLICATION 
OF  T-100X  TO  DAMAGE  LOCATIONS  A  AND  B 


■ 

m 

* 

m 

1  •*=< 

■  ■ 

FIGURE  53  X- RADIOGRAPH  OF  SPECIMEN  24-27 
WITH  VARIOUS  PENETRANTS 
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FIGURE  54  X- RADIOGRAPH  OF  SPECIMEN  24-27 
AFTER  ULTRASONIC  CLEANING 
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k.  Twenty-Four  (24)-  Ply  Specimen,  24-2 fl, 

ZI.X-418B  penetrant  was  applied  to  all  damage  areas 
on  the  top  (bleeder  cloth)  side  only  and  allowed 
to  dwell  for  30  minutes.  X-radioqraphic  inspection 
of  the  specimen  (Figure  55)  revealed  no  evidence 
of  damage  at  locations  1  or  2;  a  slight  amount  of 
damage  at  location  3;  and  a  large  amount  of  damage 
at  location  4 . 

ZLX-418B  penetrant  was  then  applied  to  all  damage 
areas  on  the  bottom  (platen)  side  and  allowed  to 
dwell  for  30  minutes.  X-radiographic  inspection 
(Figure  56)  showed  damage  in  the  form  of  cracks 
in  all  ply  directions  (0,  +  45,  90  degree)  and 
delaminations  at  locations  1,  3,  and  4.  There 
was  no  evidence  of  damage  at  location  2. 

4.  Conclusions: 

Conclusions  from  the  impact  damage  studies  were  as 

follows : 

a.  Low  energy  impact,  in-service,  damaqe  was  most 
closely  simulated  by  use  of  Tool  No.  1,  a  blunt 
nose,  large  radius  indenter  (punch) .  Damage  from 
Tool  No.  1  was  not  readily  visible  in  radiographs 
taken  with  no  penetrant  enhancement.  Damage  from 
Tool  No.  1  was  not  as  pronounced  as  that  from 
Tool  No.  2,  3,  and  4. 

b.  Penetrants  selected  for  compatibility  studies  were: 

Tetrabromoe thane  (TBE) 

Diiodobutane 

ZLX-418B 

Zinc  Iodide  (Znl2) 

Tetrabromoe thane  and  diiodobutane  were  selected 
for  their  proven  image  contrast  enhancement  proper¬ 
ties  in  this  study  and  in  previous  studies  (Ref.  3-4). 

ZLX-418B  and  Zinc  Iodide  solutions  were  selected 
for  their  surface  wetting  properties,  ease  of  handling 
and  image  contrast  enhancement  properties. 

c.  Zinc  Iodide  solution  was  selected  as  the  single 
penetrant  to  be  used  for  subsequent  damage  studies 
due  to  its  ease  in  handling,  ease  of  mixing,  image 
contrast  enhancement  properties,  surface  wetting,  and 
capillary  properties  and  ease  of  removal  and 

clean  up.  It  was  also  predicted  to  have  the  least 
potential  of  all  materials  evaluated  for  deteriora¬ 
tion  of  the  graphite/epoxy  matrix. 


57 


5  X-RADIOGRAPH  OF  SPECIMEN  24-28,  WITH  ZLX-4183 
APPLIED  TO  TOP  SIDE  ONLY 


56  X- RADIOGRAPH  OF  SPECIMEN  24-28,  WITH  ZLX-418B 
APPLIED  TO  BOTH  SIDES 
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d.  Procedures  for  use  of  X-ray  opaque  penetrant  enhance¬ 
ment  materials  were  established  to  include  application 
to  the  bottom  side  (opposite  impact  point)  side  of 
all  test  specimens. 
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SECTION  IV 


MATERIAL  COMPATIBILITY  ASSESSMENT 
AT 

ROOM  TEMPERATURE  AND  AT  ELEVATED  TEMPERATURE 


1.  GENERAL 

X-ray  opaque  penetrant  enhanced  x-radiography  has  been 
shown  to  be  a  valuable  tool  for  documenting  damage  initiation  and 
damage  accumulation  processes  in  resin-matrix  composite  materials 
(Ref.  5-6)-  its  use  has,  however,  been  limited  due  to  unknown 
effects  of  penetrant  materials  on  post-inspection  behavior  of  a 
composite  material.  Previous  experimental  work  and  analysis  has 
addressed  tetrabromoethane  (TBE)  (Ref.  5  )  and  diiodobutane 

(Ref.  6  )  and  has  concluded  that  these  materials  do  not  alter 

post  inspection  behavior.  Additional  experimental  work  was 
indicated  for  investigation  of  the  effects  of  extended  exposure 
of  candidate  penetrants  on  the  integrity  of  graphite-epoxy 
material.  The  experimental  work  described  in  the  followinq  was 
intended  to  support  previously  reported  work  and  to  provide 
comparison  of  behavior  for  additional  x-ray  opaoue  penetrant 
materials . 

Four  penetrant  materials  selected  for  evaluation  were: 

Tetrabromoethane  (TBE) 

Diiodobutane  (DIB) 

ZLX-418B  (Diiodome thane  base) 

Zinc  Iodide  Penetrant 

2.  Test  Specimen  Preparation 

a.  Impact  Damaged  Specimens 

8,  16,  and  24  ply  specimens  were  subjected  to  impact 
damage,  at  a  location  near  the  center  of  a  4  inch 
by  4  inch  area,  using  Tool  No.  1.  Eight  (8)  ply 
specimens  were  subjected  to  a  4  incb-pound  energy 
level.  Sixteen  (16)  ply  specimens  were  subjected 
to  a  10  inch-pound  energy  level.  Tw  /-four  (24) 
ply  specimens  were  subjected  to  ~  15  , . -h-nound 

energy  level.  All  impact  damage  •»  e.  Ducted 
with  no  backing. 

Specimens  were  x-radioqraphically  inspected,  with 
no  penetrant  enhancement  to  document  the  initial 
condition. 
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b.  Six  (6)  Ply  Control  Specimens 

Six  (6)  Ply  sheet  material  for  control  specimens 
was  orepared  using  a  0,  90,  0,  0,  90,  0  degree 
lay-up  sequence.  One  inch  by  four  inch  specimens 
were  out  from  the  prepared  sheet  with  the  0  degree 
axis  was  oriented  along  the  length  of  the  specimen. 
The  1  inch  by  4  inch  by  (6  ply  control  specimens) 
were  delaminated  on  one  end  with  an  "x-acto"  knife. 

3.  Room  Temperature  Specimen  Exposure 

A  specimen  set  consisting  of  one  8  ply.  one  16  ply  and 
one  24  ply  panel  was  subjected  to  each  of  the  selected  penetrants 
and  allowed  to  dwell  for  30  minutes.  All  specimens  were  re- 
x-radiographical ly  inspected  after  the  initial  penetrant  dwell. 

Specimens  were  then  stored  at  room  temperature  and  were 
re-inspected  at  weekly  intervals  for  six-weeks.  Radiographs  and 
visual  notes  of  specimen  condition  were  compared  to  the  initial 
and  to  prior  inspections  and  differences  were  noted. 

Subsequent  to  sequence  1  (inspection  after  one  week) 
the  8  and  16  ply  specimens  were  hand  flexed  10  times  each  after 
penetrant  application.  Flexure  was  repeated  as  noted.  The 
results  of  the  exposure  and  evaluations  are  summarized  in  Tables 
5.  6,  7,  and  8.  Before  (initial  penetrant  enhanced  and  after 
6  weeks)  exposure  x-radiographs  of  test  specimens  are  shown  in 
Figures  57  through  64. 
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ROOM  TEMPERATURE  EXPOSURE  OF  IMPACT  DAMAGED  CRAPHITE/EPOXY 


ROOM  TEMPERATURE  EXPOSURE  OF  IMPACT  DAMAGED  GRAPHITE/EPOXY 
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ROOM  TEMPERATURE  EXPOSURE  OF  TMPACT  DAMAGED  GRAPHTTE /EPOXY 


ROOM  TEMPERATURE  EXPOSURE  OF  T MP ACT  DAMAGED  GRAPH TTE /EPOXY 


H OWING  THE  INITIAL  AND  FINAL  CONDITION  AFTER  ROOM 
'EMI’ERATHRE  FXPOSURE  TO  TETROBROMOETHANE 
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4.  Elevated  Temperature  Specimen  Exposure 

A  specimen  set  consisting  of  one  8  ply ,  one  16  ply, 
one  24  ply  and  one  edge  delaminated  control  specimen  was  subjected 
to  each  of  the  selected  penetrants  and  allowed  to  dwell  for  30 
minutes.  All  specimens  were  re-x-radiographically  inspected 
after  the  initial  penetrant  dwell. 

Specimen  sets  were  placed  into  a  shallow  pyrex  container 
along  with  small  samples  of  the  respective  penetrants.  A  qlass 
lid  was  used  to  cover  each  container  thereby  establishing  an 
equilibrium  exposure  with  volatile  components  of  each  respective 
penetrant.  The  containers  were  placed  in  a  "Blue  M”  thermosta¬ 
tically  controlled  and  electrically  heated  oven  (equipped  with 
oven  temperature  protection)  and  the  temperature  was  raised 
to  100  F.  (See  Figure  65) 

Specimens  were  re-inspected  at  weekly  intervals  for  six- 
weeks.  Radiographs  and  visual  notes  of  specimen  condition 
were  compared  to  the  initial  and  to  prior  inspections  and 
differences  were  noted.  Panels  were  flexed  during  the  exposure 
sequence  as  noted. 

The  results  of  the  exposures  and  evaluations  are  sum¬ 
marized  in  Tables  9,  10,  11,  and  12.  Refore  (initial  penetrant 
enhanced)  and  after  (6  weeks)  exposure  radiographs  of  test 
specimens  are  shown  in  Figures  66  through  74. 
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ELEVATED  TEMPERATURE  EXPOSURE  OF  IMPACT  DAMAGED  GRAPHITE/EPOXY 


FLEVATFD  TEMPERATURF  EXPOSURE  OF  IMPACT  DAMAGED  CRAPHITE/EPOXY 


TABLE  11 

ELEVATED  TEMPERATURE  EXPOSURE  OE  IMPACT  DAMAGED  GRAPHITE. /EPOXY 
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FTGURE  17  X- RADIOGRAPHS  OF  SPECIMEN  8-  1  (PENETRANT  ENHANCED) 
SHOWING  THE  INITIAL  AND  FINAL  CONDITIONS  ELEVATED 
ROOM  TEMPERATURE  EXPOSURE  TO  Znl„ 


5.  Conclusions: 


Conclusions  from  the  material  compability  studies  were 
as  follows: 

a.  X-radiographic  inspection  showed  little  siqnificant 
change  in  the  impact  damaqe  location.  It  was  the 
opinion  of  test  personnel  that  cracks  that  were 
detected  subsequent  to  the  initial  inspection  were 
caused  primarily  by  hand  flexing  to  aid  in  penetrant 
movement.  This  opinion  agrees  with  results  for  the 
24  ply  specimens  that  did  not  undergo  flexure. 

b.  Visual  inspection  did  not  reveal  changes  during 
the  test. 

c.  There  appeared  to  be  no  difference  between  i-he  results 
with  those  exposed  at  room  temperature  and  those 
specimens  exposed  at  elevated  temperature. 

d.  No  change  or  degradation  of  any  of  the  specimens 
could  be  attributed  to  exposure  to  penetrants. 
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SECTION  V 


STEREO-X- RADIOGRAPHIC  INSPECTION  DEMONSTRATION 


1.  GENERAL 


The  sensitivity  and  capability  for  stereo  X-radiograph 
insDection  and  analysis  was  demonstrated  on  specimens  subjected 
to  impact  damage  and  fatigue  loading.  Twelve  (12)  16  ply  symmetric 
quasi-isotropic  specimens  were  selected  from  those  previous 
fabricated.  Three  of  the  specimens  were  selected  at  random  for 
use  in  determining  the  average  tensile  strength.  Impact  damage 
was  inflicted  at  the  center  of  all  twelve  specimens  using  Tool 
No.  1  at  a  15  in. -pound  level. 


Damage  assessment  and  quantification  was  made  by 
stereo-x-radiography ,  with  zinc  iodide  penetrant  solution, 
using  the  established  technique.  Imoact/f atigue  damage  depth 
was  estimated  by  reference  to  the  circular  step  wedges  that  were 
imaged  with  the  specimen.  Damage  accumulation  was  sized  and 
located  within  the  specimen  by  plies  (levels  within  the  panel) . 
The  bottom  of  the  specimen  was  the  pla+-en  side.  Impact  was 
inflicted  from  the  top  side.  Damage  was  documented  by  progres¬ 
sion  from  Level  1  (bottom  side)  to  level  8  (top  side)  as  des¬ 
cribed  in  the  following; 


16  PLY 


level  1 
level  2 
level  3 
level  4 
level  5 
level  6 
level  7 
level  8 


0. 

.012 

in . 

0. 

.024 

in. 

0. 

.036 

in . 

0. 

.048 

in. 

0  , 

.060 

in . 

0. 

.072 

in. 

0. 

,084 

in . 

0. 

,  096 

in . 

2.  Determination  of  Average  Tensile  Strength 

Three  randomly  selected  specimens  were  used  to  determine 
average  tensile  strength  of  the  material  as  an  aid  in  selecting 
stress  levels  for  fatigue  tests.  Specimens  were  identified  as 
16B-4 ,  16B-7,  and  16B-11  respectively. 

Conventional  x-radiography  (no  penetrant)  revealed  no 
evidence  of  cracks  or  delaminations.  Zinc  Iodide  solution  was 
applied  to  each  specimen  and  allowed  to  dwell  for  30  minutes. 

S tereo-x-radiographs  were  made  at  damaqe  locations  to  document 
panel  condition  prior  to  tensile  loading.  Specimens  were  loaded 
to  failure  at  a  rate  of  0.50  inches  per  minute. 
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Zinc  Iodide*  solution  was  reapplied  to  damaged  areas  and 
allowed  to  dwell  for  30  minutes.  Stereo-x-radiographs  were  made 
at  damage  locations  to  document  post-test  conditions.  Results 
of  testing  are  summarized  in  Table  13.  Stereo  x-radiographic 
pairs  taken  before  and  after  test  are  shown  in  Figures  75  and  76; 
77  and  78;  and  79  and  80- 


TENSILE  TEST  PARAMETERS  AND  RESULTS 
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FIGURE  7  6  X- RADIOGRAPH  OF  SPECIMEN  16B-4  (7, nl? 
AFTER  TENSILE  LOADING 


i 


ENHANCED) 
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BEFORE  TENFILE  LOAD IE 


> 


i 

FIGURE  78  X-RADTOGRAPH  OF  SPECIMEN  16B-7  (Znl2  ENHANCED) 
AFTER  TENSILE  LOADING 
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TENSILE  LHADTNG 
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FIGURE  80  X-RAOIOGRAPH  OP  SPECIMEN  16B-11  (Znl~  ENHANCED) 
AFTER  TENSILE  LOADING  ^ 


98 


3. 


Fatigue  Life  Tests 


Nine  specimens  identified  for  fatigue  test,  were  ini¬ 
tially  inspected  bv  stereo-x-radiography  with  and  without  penetrant 
enhancement.  Three  specimens  each  were  designated  for  test  at 
60,  70,  and  80  percent  of  the  average  static  tensile  failure 
stress . 


Incremental  inspection  by  the  stereo-x-radiographic 
technique  was  performed  to  document  damage  accumulation  due 
to  fatigue  loading.  The  frequency  of  inspections  was  gaged 
to  the  nate  of  damage  acc'imulati  on .  One  (1)  x-radi ographic 
inspection  was  performed  on-site,  in  the  fatique  machine  to 
demonstrate  portability  of  the  technique. 

All  failures  were  documented  by  visual  observation  and 
by  photography. 

After  test  of  initial  specimens,  the  aluminum  doublers 
were  modified  to  a  longer  taper,  thereby,  reducing  failures  at 
the  junction  to  the  doubler  area.  Tapers  were  modified  to 
extend  back  3/4  inch  bv  hand  filing  on  Panels  16B1-2,  16B-2, 
16B-3 ,  16B-6 ,  16B-9,  and  16B-10. 

4 .  Fatique  Test  of  Specimens  16B-1-2 
a-  Initial  Condition 


Stereo-x-radiography,  after  impact  dgmagg,  w.i  £h 
no  penetrant  showed  numerous  voids  (0,+45  ,  90°). 

There  was  no  evidence  of  cracks  or  delaminatinns . 

The  damaged  area  does  not  show  in  the  radiograph. 

Znl_  was  applied  to  the  damaged  areas  and  allowed  to 
dwell  for  30  minutes^  S£ereo-x-radiographio  inspec¬ 
tion  showed  cracks  (0,+45  ,  90  ) associated  with 
delaminations  at  levels  1  and  2.  (Figure  81). 

ZnT2  was  then  applied  to  the  edges  of  the  specimen, 
and  allowed  to  dwell  for  30  minutes.  The  specimen 
was  then  radioqraphically  inspected  using  the  standard 
optimum  technique.  The  purpose  of  this  inspection 
was  to  determine  if  any  cracks  existed  at  the  edges 
prior  to  fatigue  test.  No  evidence  of  clacks  was 
detected.  (Figure  82). 

Fatigue  Test 

The  specimen  was  fatigued  at  60%  of  average  tensile 
failure  load.  (60%  of  77.7  =  46.6KSI) 

(Area  =  0.388)  (46-6  KSI)=  18,088  lbs  maximum  load 

b .  Fatigue  Sequence  -No.  1 


Cycles 

7 


KSI  stress 
46.6 


Total 

7 


Afte*-  cycling,  1  visual  inspection  showed  no  evidence 
of  cracks  or  delaminations .  There  was  a  slight 
amount  of  lifting  of  the  doubler  (grip)  at  opposite 
end  from  the  specimen  identification  and  on  the 
same  side. 

Znl~  was  applied  to  the  edges  and  to  the  damaged 
areas  and  allowed  to  dwell  for  30  minutes-  The 
specimen  was  radiographed  (stereo)  and  showed 
extensive  cracking  from  the  edges  in  the  area  between 
the  grips.  These  cracks  did  not  exist  prior  to  the 
start  of  fatigue  test.  (Figure  82).  There  was 
no  change  in  the  impact  damage  area.  (Figure  83). 


Fatigue  Sequence  -No-  2 


Cycles 

43 


KSI  stress 
46.6 


Total 

50 


After  cycling.,  visual  inspection  showed  no  change 
from  the  condition  during  Sequence  1. 

The  specimen  was  put  in  a  plastic  bag  with  the  zinc 
iodide  penetrant  solution  sealed,  evacuated  and 
allowed  to  dwell  for  3  days. 

The  specimen  was  radiographed  (stereo)  and  showed 
considerable  growth  in  crack  length  from  the 
specimen  edges.  The  cracks  (0)  through  the  de- 
lamination  extend  to  the  edge  of  the  specimen 

The  cracks  were  at  all  levels  through  the  specimen 
thickness.  The  delamination  and  matrix  cracks  now 
extended  up  to  Levels  7  and  8.  (Figure  84) . 


Fatigue  Sequence  -  No-  3 


Cvcles 

450 


KSI  stress 
46-6 


Total 

500 


After  cycling,  visual  inspection  showed  no  change 
from  the  inspection  of  Sequence  2. 

Znl_  was  applied  to  the  damaged  areas  and  allowed 
to  dwell  for  30  minutes.  The  specimen  was  radiograph¬ 
ed  (stereo)  and  showed  no  change  from  Sequence  2 
condition.  (Figure  85) . 


Fatigue  Sequence  -  No.  4 


Cycles 

500 


KSI  stress 
46.6 


'total 

1000 


After  cyclina,  visual  inspection  showed  no  change 
from  the  Sequence  3  condition. 


t 


FIGURE  84  SPECIMEN  16B-1-2  AFTER  FATIGUE:  SEQUENCE  2 
( Znl 2  ENHANCED) 


•  • 


SPECIMEN  16B-1- ?  AFTER  FATIGUE  SEQUENCE  3 
( Znl ^  ENHANCED) 


Znl-  was  applied  to  the  damaged  areas  and  allowed 
to  dwell  for  30  minutes.  The  specimen  was  radiograph¬ 
ed  (stereo)  and  showed  no  change  from,  the  radioaraph 
from  Sequence  3.  (Figure  86). 

f .  Fatigue  Sequence  -  Mo. _ 5 

Cycles  KSI  stress  ^  Total 

2000  46.6  3000 

After  cycling,  visual  inspection  showed  a  separa¬ 
tion  of  the  qriD  doubler  at  the  specimen  identifi¬ 
cation  end  and  on  the  same  side  the  identification. 
There  was  a  separation  of  the  grips  on  both  ends. 

Znl-  was  applied  to  the  damaged  areas  and  allowed 
to  dwell  for  30  minutes.  The  specimen  was  radiograph¬ 
ed  (stereo)  and  showed  no  change  from  the  radiographs 
from  Sequence  4.  (Figure  87) 

g .  Fatigue  Sequence  -  No.  6 

Cycles  KSI  stress  Total 

3700  46.6  6700 

The  oanel  failed  after  a  total  of  6700  cycles. 

After  failure,  visual  inspection  showed  failure  at 
the  grip  doubler,  panel  identification  end.  The 
composite  material  had  pulled  out  from  under  the 
grip.  There  v»as  no  failure  in  the  impact  damage 
area.  No  further  inspection  was  accomplished. 

Figure  88  shows  the  location  of  failure  for  this 
specimen . 
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URE  86 


SPECIMEN  16B-1-2  AFTER  FATIGUE  SEQUENCE 
(ZnT2  ENHANCED) 


5 .  Fatigue  Test  of  Specimen  -  16B-2 

a .  Initial  Condition 

Radiography  (stereo) .  after  impact  damage,  with 
no  penetrant,  showed  numerous  voids.  The  voids 
tend  to  follow  fiber  lay  up  direction.  There  was  no 
evidence  of  cracks  or  delaminations  in  the  impact 
damage  area. 

Znl?  was  applied  to  the  damaged  areas  and  allowed 
to  awell  for  30  minutes.  The  specimen  wgs  radio¬ 
graphed  (stereo)  and  showed  (0,t45  ,  90  ) 

cracks  and  delamination  1/2  in.  diameter  at  Level 
-1.  (Figure  09) 

Fatigue  Test 

The  specimen  was  fatigued  at  60%  average  tensile 
failure  load  (60%  of  77.7  =  46.6) 

(Area  =  0.375)  (46.6  KSI)  =  17,475  lbs  maximum  load 

b .  Fatigue  Sequence  -  No.  1 

Cvcles  KSI  stress  Total 

2000  46.6  2000 

After  cycling,  visual  inspection  showed  grip  doubler 
separation  at  both  ends.  There  were  no  delamina- 
ti ons . 

Znl_  was  applied  to  the  damaged  areas  and  allowed 
to  dwell  for  60  minutes.  The  panel  was  radiographed 
(stereo)  and  showed  cracks  transverse  to  the  damage 
area  at  Levels  1  and  2.  (Figure  90) 

Znl„  was  then  applied  to  the  edges  of  the  specimen 
and  allowed  co  dwell  for  4.5  hours.  The  specimen 
was  radiographed  (stereo)  and  showed  numerous  cracks 
from  both  panel  edges  at  all  levels.  The  cracks 
occupy  all  the  area  between  the  grips  and  extend 
toward  center  of  the  panel  for  approximately 
1  1/4  inches.  (Figure  91) 

c .  Fatigue  Sequence  -  No.  2 

Cycles  KSI  stress  Total 

2000  46.6  4000 

After  cycling,  visual  inspection  showed  a  delamina¬ 
tion  under  the  grip  doubler  at  the  identification 
end. 

Znl2  was  applied  to  the  damaged  areas  and  allowed 
to  awell  for  30  minutes.  The  specimen  was  radiograph¬ 
ed  (stereo)  and  showed  more  cracks;  (4)  in  the 
damaged  area  at  levels  1  and  2.  There  was  no  change 
in  the  delamination. 
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IGURE  90  SPECIMEN  16B-2  AFTER  FATTGUE  SEQUENCE  1 
( Znl 2  ENHANCED) 
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There  was  no  change  in  the  cracks  from  the  edges. 
(Figure  92) 


d .  Fatigue  Sequence  -  No.  3 

Cycles  KSI  stress  Total 

2000  46.6  6000 

After  cyclinq,  visual  inspection  showed  no  change 

from  the  inspection  in  Sequence  2. 

Znl„  was  applied  to  the  damaged  areas  and  allowed 
to  awell  for  30  minutes.  The  specimen  was  radio- 
araphed  (stereo)  and  showed  no  change  in  the  damaged 
area.  (Figure  93) 

e .  Fatigue  Sequence  -  No. _ 4 

Cycles  KSI  stress  Total 

2000  46.6  8000 

After  cycling,  visual  inspection  showed  a  crack  and 

delamination  on  opposite  sides  from  specimen 
identification  and  at  the  grip  opposite  from  the 
identification.  The  del  ami  nation  extended  under 
the  grip.  The  crack  was  between  the  grips. 

Znl_  was  applied  to  the  damaged  areas  and  allowed 
to  dwell  for  30  minutes.  The  specimen  was  radio¬ 
graphed  (stereo)  and  showed  more  cracks  through 
the  damaged  area  at  levels  1,  2,  and  3.  The  delam¬ 
inations  were  also  at  levels  1,  2,  and  3.  (Figure  94) 

The  specimen  was  put  in  a  plastic  bag  with  Znl2, 
sealed,  evacuated,  and  allowed  to  dwell  for  16  nours= 

The  specimen  was  radiographed  (stereo)  and  showed 
more  cracks  through  the  damaged  area.  The  cracks 
were  too  numerous  to  determine  depths.  The  delam- 
i nations  are  at  levels  1,  2,  3,  and  4.  (Figure  95) 

f .  Fatigue  Sequence  -  No.  5 

Cvcles  KSI  stress  Total 

2000  46.6  10,000 

After  cycling,  visual  inspection  showed  a  crack 
under  the  grip  doubler  at  the  identification  end 
and  on  the  side  opposite  from  the  identification. 

There  was  also  a  growth  in  the  cracks  at  the  opposite 
end  on  the  same  side. 

Znl2  was  applied  to  the  damaged  areas  and  allowed 
to  awell  for  30  minutes.  The  specimen  was  radio¬ 
graphed  (stereo)  and  showed  no  change  from  Sequence 
4 .  (Figure  96) . 
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FIGURE  92  SPECIMEN  16B-2  AFTER  FATIGUE  SEQUENCE  ? 
( ZpI  ENHANCED) 
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IGURE  93  SPECIMEN  16B-2  AFTER  FATIGUE  SEQUENCE  3 
{ Znl 2  ENHANCED) 
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FIGURE  95  SPECIMEN  16B-1-2  AFTER  FATIGUE  SEQUENCE  5 
AND  ADDITIONAL  Znl2  EXPOSURE 


| 


\ 
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g .  Fatigue  Sequence  -  No.  6 

The  sDecimen  failed  during  fatigue  te^t  after  an 
additional  250  cycles.  The  specimen  received  a  total 
of  10,250  cycles. 

visual  inspection  after  failure  showed  the  failure 
occuring  at  the  grip  opposite  from  the  specimen 
identification.  The  composite  material  pulled  out 
from  under  the  grip. 

Figure  97  shows  the  location  of  failure  for  this 
specimen . 
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6 .  Fagitue  Test  of  Specimen  16B-3 

a .  Initial  Condition 


Radioaraphy  (stereo)  ,  after  impactodamgge ,  gith  no 
penetrant,  showed  numerous  voids  (0/_j-4  5  ,  90°).  There 
was  no  evidence  of  cracks  or  delaminations. 

Znl.  was  applied  to  the  damaged  areas  and  allowed 
to  awell  for  30  minutes.  The  specgmenowas  gadiograph- 
ed  (stereo)  and  showed  cracks  at  0,  +45  ,  90  and 
delaminations  at  Levels  1  and  2.  There  was  good 
capillary  movement  of  the  penetrant  into  the  damaged 
area.  (Figure  98) 

Zni.  was  then  applied  to  the  edges  of  the  panel  and 
allowed  to  dwell  for  30  minutes.  The  specimen  was 
radiographically  inspected  and  showed  no  cracks  at  the 
edges.  (Figure  99) 

Fatigue  Test 

The  specimen  was  fatiqued  at  70i  average  tensile 
failure  load  (70%  of  77.7  =  54.4  KSI) 

(Area  =  0.371)  (54.4  KSI)  =  20,179  lbs  maximum  load 

b.  Fatigue  Sequence  -  No.  1 

Cvcles  KSI  stress  Total 

"  5  54.5  5 

After  cycling,  visual  inspection  showed  no  evidence 
of  cracks,  delaminations  or  lifting  of  the  grips. 

Znl_  was  applied  to  the  edges  and  to  the  damaged 
areas  and  allowed  to  dwell  for  30  minutes.  The 
specimen  was  radiographed  (stereo)  and  showed  exten¬ 
sive  ! cracki ng  from  the  edges.  Change  in  the  damage 
area  showed  cracks  extending  up  to  leve)  -  7  (g.084  in.) 
from  the  bottom.  There  was  (1)  large  crack  (0  )  at 
level  -  6  (0.060  in.)  from  the  bottom.  All  cracks 
in  the  damaged  area  showed  growth  in  length. 

(Figure  100) 

c .  Fatigue  Sequence  -No-  2 

Cvcles  KSI  stress  Total 

45  54.4  50 

After  cycling,  visual  inspection  showed  no  change 
from  the  Sequence  1  condition. 

The  specimen  was  bagged  with  Zn^,  sealed  under  vacuum 
and  allowed  to  dwell  for  two  days- 
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GURE  98  X- RADIOGRAPH  OP  SPECIMEN  16B-3  IN  THE  INITIAL 
CONDITION  (Znl2  ENHANCED) 
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After  two  days  dwell,  the  specimen  was  radioqraphed 
(stereo)  and  showed  extensive  crack  growth.  The 
cracks  through  the  impact  damaged  area  now  extended 
to  the  edges  of  the  specimen.  The  cracks  were  at 
all  levels.  The  impact  damage  area,  cracks  and 
delaminations,  now  extended  up  to  level  -  7  (0.084  in.) 
from  bottom.  (Figure  101) . 


Fatigue  Sequence  -No.  3 


Cycles 

450 


KSI  stress 
54.4 


Total 

500 


After  cycling,  visual  inspection  showed  no  change 
from  Sequence  1 . 

Znl2  was  applied  to  the  damaged  areas  and  allowed 
to  awell  for  30  minutes.  The  specimen  was  radio- 
grathed  (stereo)  and  showed  no  change  from  the 
Sequence  2  radiographs  (Figure  102) . 


e .  Fatigue  Sequence  -  No .  4 


Cycles 

500 


KSI  stress 
54.4 


Total 

1000 


After  Sequence  4,  visual  inspection  showed  no  change 
from  Sequence  1. 

Znl_  was  applied  to  the  damaged  areas  and  allowed 
to  awell  for  30  minutes.  The  specimen  was  radio¬ 
graphed  and  showed  no  change  from  the  Sequence  3 
radiographic  inspection.  (Fiaure  103) 


f .  Fatigue  Sequence  -  No .  5 


Cvcles 

2000 


KSI  str^. 
54.4 


Total 

3000 


After  eyeliner,  radiography  (stereo)  was  performed 
in  the  Fatigue  Testing  machine  with  the  specimen 
under  1000  pound  static  load.  Znl2  was  applied 
before  the  inspection  and  allowed  to  dwell  for  1.0 
hour.  This  inspection  showed  no  change  from  the 
inspection  performed  in  Sequence  4.  (Figure  104) 

Visual  inspection  after  Sequence  5  showed  lifting 
of  the  grip  and  cracks  under  the  grip  at  the  specimen 
identification  end.  There  was  also  a  lifting  of  the 
grip  doubler  at  the  end  opposite  and  on  the  opposite 
side.  There  were  also  cracks  and  delaminations 
between  the  grips. 
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FIGURE  101  SPECIMEN  16B-3  AFTER  FATIGUE  SEQUENCE  2 
( Znl 2  ENHANCED) 


FIGURE  102  SPECIMEN  16B-3  AFTER  FATIGUE  SEQUENCE 
(Znl2  ENHANCED) 


FIGURE  103  SPECIMEN  16B-3  AFTER  FATIGUE  SEQUENCE 
(Znl2  ENHANCED) 


(Znl~ 


Fatigue  Sequence  -  No.  6 

The  specimen  failed  during  fatigue  test  after  an 
additional  820  cycles.  The  specimen  received  a  total 
of  3,820  cycles.  Visual  inspection  after  failure 
showed  the  failure  at  the  qrio  doubler  on  the 
identification  end.  The  composite  was  startinq 
to  pull  loose  from  under  the  qrin.  There  was  no 
evidence  of  failure  in  the  impact  damage  area. 

Figure  105  shows  the  location  of  failure  for  this 
specimen. 


Fatigue  Test  of  Specimen  ±6B-5 
a.  Initial  Conditions 


Radiography  after  impact  damage,  with  no  penetrant, 
showed  no  evidence  of  cracks  or  delaminations. 

Znl „  was  applied  to  the  damaged  areas  and  a] lowed 
to  dwell  for  30  minutes.  The  specimgn  wgs  radio¬ 
graphed  (stereo)  and  showed  cracks  (0°+45°,  90°)  and 
a  delamination  at  level  1.  (Figure  106) 

Fatigue  Test 


The  specimen  was  fatigued  at  80%  averaae  tensile 
failure  load.  (80%  of  77.7  =  62.0  KSI) 

(Area  =  0.350)  (62.0  KSI)  =  21,748  lbs  maximum  load 

b .  Fatigue  Sequence  -  No.  1 

The  specimen  failed  during  the  1st  sequence  of  fatiaue 
testing,  after  990  cycles-  The  failure  was  at  the 
grip  doubler  at  opposite  end  from  the  specimen  iden¬ 
tification.  There  was  no  radiographic  inspection 
performed  after  failure. 

Figure  107  shows  the  location  of  failure  for  this 
specimen 
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8 .  Fatigue  Test  of  Specimen  16B-6 

a .  Initial  Conditions 

Radiography  after  impact  damage,  with  no  penetrant, 
showed  no  evidence  of  cracks  or  delaminations. 

Znl?  was  applied  to  the  impact  areas  and  allowed  to 
dwell  for  30  minutes.  The  specimeg  wag  radio¬ 
graph  (stereo)  and  showed  cracks  ( 0,  +45° ,  9  0°)  and 
delaminations  at  Levels  1  and  2.  (Figure  108) 

Fatigue  Test 


The  specimen  was  fatigued  at  80%  average  tensile 
failure  load  (80%  of  11.1  =  62.0  KSI) 

(Area  =  0.355)  (62.0  KSI)  =  22,059  lbs  maximum  load 

b .  Fatigue  Sequence  -  No.  1 

Cycles  KSI  stress  Total 

10,000  62.0  10,000 

After  cycling,  visual  inspection  showed  the  grips 
lifted  at  both  ends.  There  were  delaminations 
on  both  edges  propagating  under  the  grips  at  both 
ends . 

Znl_  was  applied  to  the  damaged  areas  and  allowed 
to  dwell  for  30  minutes.  The  specimen  was  radio¬ 
graphed  (stereo)  and  showed  delaminations  propaga¬ 
ting  to  levels  5  and  6.  There  were  numerous 
cracks  in  (0  )  direction.  (Figure  109). 

Znl2  was  applied  to  the  edges  of  the  specimen,  and 
allowed  to  dwell  for  2.0  hours.  The  panel  was 
radiographed  (stereo)  and  showed  extensive  cracking 
throuqh-out  the  area  between  the  grips  at  all  levels 
(Figure  110) 

Znl?  was  applied  to  the  edges  and  allowed  to  dwell 
for  4.0  hours.  The  specimen  was  radiographed 
(stereo)  and  showed  the  cracks  being  considerably 
longer  than  was  apparent  after  a  2.0  hour  penetrant 
dwell.  (Figure  111) 

c .  Fatigue  Fequ ence  -  No .  2 

The  specimen  failed  during  fatigue  fes+-  after  receiv 
ing  an  additional  4,350  cycles. 

Visual  inspection  after  failure,  showed  that  failure 
occured  at  the  grip  douhler  on  the  specimen  identi¬ 
fication  end.  There  was  no  failure  associated  at 
the  impact  damage  areas.  The  composite  pulled  from 
unuer  the  grip.  There  was  a  considerable  amount  of 
delamination  and  cracking  along  both  edges  in  the 
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FIGURE  108  X- RADIOGRAPH  OR  SPECIMEN  16B-6  IN  THE  INITIAL 
CONDITION  (Znl?  ENHANCED) 
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GURE  HO  SPECIMEN  168-6  AFTER  FATIGUE  SEQUENCE  1 
WITH  2nl  ^  APPLIED  TO  THF.  PANEL  EDGES 
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FIGURE  112  SPECIMEN  161 


Initial  Conditions 


Radiography  af£er  jmpagt  damage,  with  no  penetrant, 
showed  voids  0^+4  5  ,90  .  There  was  no  evidence 
of  cracks  or  delaminations. 

Zni  was  applied  to  the  damaged  areas  and  allowed 
to  dwell  for  30  minutes.  The  sgeoimen  v;gs  radiographed 
(stereo)  and  showed  cracks  at  0,+45  ,  90  and  small 
delamination  between  level  0  and  level  1.  (Figure  113) 

Fatigue  Test 

The  specimen  was  fatigued  at  70%  average  tensile 
failure  load  (70%  of  77.7  =  54.4  KSI) 

(Area  =  0.366)  (54.4  KSI)  =  19,764  lbs  maximum  load 

Fatigue  Sequence  -  No.  1 

This  specimen  failed  after  receiving  570  cycles. 

The  failure  was  at  the  grip  and  opposite  from  the 
specimen  identification.  There  was  no  evidence 
of  failure  throuqh  the  impact  damage  area.  Radio- 
graphic  inspection  was  not  performed  after  failure. 


;s-8  AFTER  FATIGUE  FAIT, UR E 


1 


Initial  Conditions 


10. 


Radiography  after  impact  damage,  showed  voids 
(0,+45  ,  90°).  There  was  no  evidence  of  cracks  or 
delaminations . 

Znl»  was  applied  to  the  impact  damage  areas  and  allowed 
to  dwell  for  30  minutes.  The  specimgn  wgs  radio¬ 
graphed  (stereo)  and  showed  cracks  (0,  +45°,  90“  ) 
and  delaminat.ion  at  Level  1  (Figure  1 1  ) 

ZpT  was  then  applied  to  the  edges  of  the  specimen 
and  allowed  to  dwell  for  30  minutes.  Radiographic 
inspection  showed  no  cracks  at  the  edges.  (Figure  116) 

Fatigue  Test 

The  specimen  was  fatigued  at  70%  average  tensile 
load  (70%  of  77.7  =  54.4  KSI) 

(Area  =  0.370)  (54.4  KSI)  =  20,135  lbs  maximum  load 


b .  Fatigue  Sequence  -  No.  1 


Cycles 

5 


KSI  stress 
54.4 


Total 

5 


After  cycling,  visual  inspection  showed  no  evidence 
of  cracks,  delaminations  or  lifting  of  the  grips. 

Znl_  was  applied  to  the  edges  and  to  the  damaged 
areas  and  allowed  to  dwell  for  30  minutes.  The 
specimen  was  radiographed  (stereo)  and  showed 
extensive  cracking  from  the  edges.  There  was  no 
change  in  the  impact  damage  area.  (Figure  137) 


Fatiaue  Sequence  -  No.  2 


Cycles  KSI  stress  Total 

45  54.4  50 


After  cycling,  visual  inspection  showed  that  some  of 
the  composite  had  fallen  out  from  under  the  grip 
doubler  at  the  opposite  end  from  the  specimen  iden¬ 
tification.  No  other  changes  were  noted. 

The  specimen  was  bagqed  with  Zn^,  sealed  under  vacuum 
and  allowed  to  dwell  for  two  days.  After  two  davs 
the  specimen  was  radiographed  (stereo)  and  showed 
the  cracks  through  the  impact  damage  area  propagat¬ 
ing  to  the  edges.  The  cracks  were  at  all  levels. 

The  impact  damaged  area  of  cracks  and  delamination 
extended  to  level  7  (Figure  118) 
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FIGURE  115  X-RADT  OGRAPH  OF  SPECIMEN  163-9  IN  THE  INI 
CONDITION  (Znl2  ENHANCED) 
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FIGURE  117  SPECIMEN  16B-9  AFTER  FATIGUE  SEQUENCE 
(7.nl0  ENHANCED) 
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Fati gue  Sequence  -  No .  3 

Cycles  KSI  stress  Total 

450  54.4  500 

After  cycling,  visual  inspection  showed  no  change 
from  Sequence  ?. 

Znl2  was  applied  to  the  damaged  areas  and  allowed 
to  dwell  for  30  minutes.  Radiographic  (stereo) 
inspection  showed  no  change  from  Sequence  2. 

(Figure  119) 

Fatigue  Sequence  -  No.  4 

Cycles  KSI  stress  Total 

500  54.4  1000 

After  cycling,  visual  inspection  showed  no  change 
from  Sequence  2. 

Znl2  was  applied  to  the  damaged  areas  and  allowed 
to  dwell  for  30  minutes.  Radiographic  (stereo), 
inspection  showed  no  change  from  Sequence  3. 

(Figure  120) 

Fatigue  Sequence  -  No.  5 

The  specimen  failed  during  fatigue  test  after  receiving 
an  additional  1,227  cycles. 

The  specimen  received  a  total  of  2,227  cycles. 

Visual  inspection  showed  the  failure  to  be  at  the 
edge  of  taper  of  the  grip  on  opposite  end  from 
identification.  There  was  no  failure  associated 
with  the  impact  damage  area. 


Figure  121  shows  the  location  of  failure  for  this 
specimen . 


11.  Fatiaue  Test  of  Specimen  163-10 


a.  Initial  Conditions 


Radiography  after  impact  damage,  with  no  penetrant, 
showed  no  evidence  of  cracks  or  delaminations. 

Znl~  was  applied  to  the  damaged  areas  and  allowed 
to  awell  for  30  minutes.  Radigqrapj^in  (stereo) 
inspection  showed  cracks  0°+45  ,  90°  and  a  delam¬ 
ination  at  Level  1.  (Figure  122) 

Fatigue  Tost 

The  specimen  was  fatigued  at  60%  average  tensile 
failure  load  (60%  of  77.7  =  46.6  KSI) 

(Area  =  0.350)  (46.6  KSI)  =  16,310  lbs  maximum  load 

b .  Fatigue  Sequence  -  No.  1 

Cycles  KSI  stress  Total 

2000  46.6  2000 

After  cycling,  visual  inspection  showed  no  evidence 
of  cracks,  delaminations  or  lifting  of  the  grips. 

Znl_  was  applied  to  the  impact  damaged  areas  and 
allowed  to  dwell  for  30  minutes.  The  specimen 
was  radiographed  and  showed  no  change  from  the  radio¬ 
graph  taken  before  start  of  fatigue  test.  (Fiqure  123) 

The  specimen  was  bagged  with  Znl2,  vacuum  sealed, 
and  allowed  to  dwell  for  3  days.  After  3  days  the 
specimen  was  radiographed  and  showed  extensive 
cracking  from  the  edges  at  all  levels.  There  was 
no  change  in  the  impact  damage  area.  (Figure  124) 

c .  Fatigue  Sequence  -  No.  2 

Cycles  KSI  stress  Total 

2000  46.6  4000 

After  cycling,  visual  inspection  showed  no  change 
from  Sequence  1. 

Znl2  was  applied  to  the  impact  damaged  areas  and 
allowed  to  dwell  for  30  minutes.  Radiographic 
(stereo)  inspection  showed  no  change  in  the  delamin¬ 
ation.  Some  cracks  were  more  pronounced  due  to  more 
penetrant  being  trapped  in  them.  There  was  no  change 
in  the  cracks  from  the  edges  of  the  specimen. 

(Figure  125) 
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FIGURE  125  SPECIMEN  16B-10  AFTER  FATIGUE  SEQUENCE  2 
( ZnJ  2  ENHANCED) 
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d .  Fatigue  Sequence  -No.  3 

Cycles  KST  stress  Total 

2000  46.6  6000 

After  cycling,  visual  inspection  showed  no  change 
from  Sequence  1. 

Znl„  was  applied  to  the  damaged  areas  and  allowed 
to  awell  for  30  minutes.  Radiographic  (stereo) 
inspection  showed  no  change  from  Sequence  2. 

(Figure  126) 

e.  Fatigue  Sequence  -  No.  4 

Cycles  KSI  stress  Total 

2000  46.6  8000 

After  cycling,  visual  inspection  showed  no  change 
from  Sequence  1. 

Znl  was  applied  to  the  damaged  areas  and  allowed 
to  awell  for  30  minutes.  Radiographic  (stereo) 
inspection  showed,  no  change  from  the  Sequence  3 . 
(Figure  127) 

The  specimen  was  bagged  with  Znl„,  vacuum  sealed, 
and  allowed  to  dwell  for  16  hours.  After  16  hours, 
the  panel  was  radiographed  (stereo)  and  showed  more 
cracks  in  the  impact  damage  area.  (Figure  128) 

f .  Fatigue  Sequence  -No.  5 

Cycles  KSI  stress  Total 

2000  46.6  10,000 

After  visual  inspection,  it  showed  no  change  from 
Sequence  1. 

Znl „  was  applied  to  the  damaged  areas  and  allowed 
to  awell  for  30  minutes.  The  panel  was  radiograph¬ 
ed  and  showed  no  change  from  Sequence  4.  (Figure  129) 

g .  Fatigue  Sequence  -  No.  6 

Cycles  KSI  stress  Total 

2000  46.6  12,000 

Visual  inspection  after  Sequence  6,  showed  cracks 
in  the  area  between  the  grips  on  both  sides.  There 
was  also  a  delamination  under  the  grip  doubler  at 
the  specimen  identification  end. 
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FIGURE  1?6  SPECIMEN  16B-10  AFTER  FATIGUE  SEQUENCE  3 
(Znl  ENHANCED) 
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FIGURE  128  SPECIMEN  16B-10,  16  HOUR  nWET.L  (SEor 


The  specimen  was  bagged  with  Znl2#  vacuum  sealed,  and 
allowed  to  dwell  for  16  hours.  After  16  hours,  the 
panel  was  radiographed  (stereo)  and  showed  no  change 
from  Sequence  5.  (Figure  130) 

h.  Fatigue  Sequence  -  No.  7 

Cycles  KSI  stress  Total 

2000  46.6  14,000 

After  cvcling,  visual  inspection  showed  that  the  grio 
doubler  at  panel  identification  end  was  delaminat¬ 
ed  on  both  sides - 

Znl2  was  applied  to  the  damaqed  areas  and  allowed 
to  dwell  for  30  minutes.  Radiographic  inspection 
showed  no  change  from  Sequence  6-  (Figure  131) 

i.  Fatigue  Sequence  -  No,  8 

The  specimen  was  fatigued  to  failure.  Failure  occured 
after  198,500  total  cycles.  Visual  inspection 
after  fai lure  showed  the  failure  at  the  grip  end 
opposite  from  the  specimen  identif ication .  The 
composite  pulled  from  under  the  grip.  There  was  no 
failure  associated  with  the  impact  damaged  area. 

There  were  delamination  and  cracks  on  both  edges 
between  the  gripe  and  under  the  grips. 

Figure  132  shows  the  location  of  failure  for  this 
specimen . 
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12.  Fatigue  Test  of  Specimen  16B-12 


Initial  Condition 


Radiography  afjer  impact,  with  no  penetrant,  showed 
voids  at  0,+45  ,  90  .  There  was  no  evidence  of 
cracks  or  delaminate ons  in  the  impact  damage  area. 

Znl2  was  applied  to  the  damaged  area  and  allowed  to 
dwell  for  3g  minutes^  Radiographic  inspection  showed 
cracks  at  0,+45°,  90°  and  a  delamination  at  Level  1. 
Some  of  the  voids,  were  in  the  damaged  area. 

(Figure  133) 

Znl„  was  applied  to  the  edges  of  the  specimen  and 
allowed  to  dwell  for  30  minutes.  Radiographic 
inspection  showed  no  clacks.  (Fiqure  134) 

Fatigue  Test 

The  specimen  was  fatigued  at  80%  average  tensile 
failure  load  (80%  of  77.7  =  62.2  KSI) 

(Area  =  0.389)  (62.2  KSI)  =  24.180  lbs  maximum  load 


Fatigue  Sequence  -  No. 


Cycles 

5 


KSI  stress 
62.2 


Total 

5 


Frequence  was  1  cycle  per  second. 

After  cycling,  visual  inspection  showed  no  cracks 
or  delaminations.  There  was  evidence  of  grip 
separation  from  the  composite  at  opposite  end  from 
the  specimen  identification  and  on  the  opposite 
side . 

Znl2  was  applied  to  the  edges  and  to  the  damaged 
area  and  allowed  to  dwell  for  30  minutes.  Radio¬ 
graphic  (stereo)  inspection  showed  extensive  cracking 
from  the  edges.  There  was  crack  growth  in  length 
in  the  damage  area  at  same  level  as  the  delamina¬ 
tion  level  1.  (Figure  135) 

Fatigue  Sequence  -  No.  2 


Cycles 

45 


KSI  stress 
62.2 


Total 

50 


Frequency  was  10  cycles  per  second. 

After  cycling,  visual  inspection  showed  no  change 
from  Sequence  1. 
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FIGURE  133  X- RADIOGRAPH  OF  SPECIMEN  16B-12  IN  THE  INITIAL 
CONDITION  ( Znl 2  ENHANCED > 
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SPECIMEN  16B-12  IN  THE  INITIAL  CONDITION  AFTER 
APPLICATION  OF  Znl2  TO  THE  EDGES 


f 

I 

f. 


FIGURE  135  SPECIMEN  16R-12  AFTER  FATIGUE  SEQUENCE 
(Znl_  ENHANCED) 


The  specimen  was  baqged  with  Zr.I-,  vacuum  sealed, 
and  allowed  to  dwell  for  2  days.  After  2  days 
the  specimen  was  radiographed  and  showed  the 
cracks  were  at  ail  levels.  The  impact  damage, 
cracks  and  delaminations  extended  to  level  7. 

(Figure  136) 

d.  Fatigue  Sequence  -  No . _ 3 

The  specimen  failed  during  fatigue  test  after  receiv¬ 
ing  an  additional  144  cycles.  The  specimen  received 
a  total  of  194  cycles,  visual  inspection  after 
failure  showed  failure  at  grip  doubler  at  opposite 
end  from  specimen  identification.  The  failure 
was  at.  the  tapered  edge.  There  was  no  failure 
associated  with  the  impact  damage  area.  The^e  were 
cracks  and  delaminations  under  the  grip  doubler 
at  the  failed  end.  There  was  no  damage  of  the  grip 
doubler  at  the  opposite  end. 

Figure  137  shows  the  location  of  failure  for  this 
specimen. 
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FIGURE  136  SPECIMEN  16B-12  AFTER  FATIGUE  SEQUENCE 
( Znl ~  ENHANCED) 


FIGURE  137  SPECIMEN  16B-12  AFTER  FATIGUE  FAILURE 


13 .  Conclusions : 


Fatigue  life  tests  for  nine  (9)  specimens  demonstrated 
the  benefits  of  stereo-x-radiographic  inspection  in  analyzing 
damage  accumulation  and  interaction  of  damace  accumulation  sites. 
Practicality  of  che  technique  was  demonstrated  by  application 
of  a  portable  inspection  set-up  durinq  one  fatigue  sequence. 

The  use  of  zinc  iodide  solution  was  demonstrated  to 
be  sensitive  to  material  interactions  during  fatigue  for  those 
cases  affording  a  capillary  path  to  the  specimen  surface. 

Some  difficulty  in  specimen  desian  was  encountered 
causing  premature  failure  at  the  doubler  ioint.  The  joint  was 
tapered  to  relieve  this  failure  mode  but  did  not  totally  elim¬ 
inate  the  problem.  A  longer  and  narrower  specimen  design  would 
help  the  failure  problem.  The  wide  specimens  design  was  needed 
to  assure  containment  of  the  impact  fatigue  damage,  thus  a  longer 
specimen  with  longer  tapers  would  be  suggested  for  future 
work. 
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SECTION  VI 


RESULTS  AND  CONCLUSIONS 


Stereo-X-Radioqraphy  was  shown  to  be  a  significant  aid  in 
documenting,  describing  and  in  monitoring  three  dimensional 
interactions  of  matrix  cracking,  fiber  fracture  and  delaminations 
induced  in  resin-matrix  graphite  composite  material.  Evaluation 
aids  developed  during  this  study  improve  the  potential  sensiti¬ 
vity  and  application  of  the  technique  in  a  variety  of  materia] 
characterization  tasks  with  reduced  concern  for  effect  of  the 
penetrant  materials  used  on  the  performance  of  resin  matrix 
materials  or  on  the  personnel  involved  in  inspection  applica¬ 
tions  . 

The  following  items  summarize  the  observations  and  conclu¬ 
sions  from  this  study: 

1.  Results  of  work  performed  clear lv  demonstrated  that 
conventional  X- radiographic  methods  require  use  of  an  opaque 
additive  in  order  to  image  impact  damage  in  resin  matrix  graphite 
composite  materials.  Penetration  into  the  specimen  requires 
that  the  damage  be  connected  to  a  surface  by  a  capillary  path. 

2.  The  sensitivity  of  halogenated  organics-  used  in  previous 
work  as  opaque  additives  was  reconfirmed.  Zinc  iodide  base 
solution  as  an  alternate  opaque  additive  was  compared  and 
demonstrated  to  be  capable  of  equaling  the  sensitivity  of  the 
halogenated  organic  materials. 

3.  The  zinc  iodide  solution  used  as  an  opaque  penetrant  in 
this  work  was  not  a  saturated  solution,  thus  some  additional 
increase  in  sensitivity  may  be  affected  by  varying  the  concen¬ 
tration. 


4.  The  desirability  of  using  stereo-X-radiography  to 
provide  depth  information  in  locating  damage  in  a  composite 
was  demonstrated.  Capability  of  the  technique  in  locating  a 
single  ply  within  a  lay-up  was  demonstrated. 

5.  A  circular  step-wedge  was  designed,  fabricated  and  shown 
to  he  a  useful  aid  (reference)  in  locating  and  describing  depth 
features  within  a  stereo  image  field. 

6.  Room  temperature  and  elevated  temperature  exposure  of 
graphite  materials  to  tetrabromoe thane,  diiodobutane,  ZLX-41RB 
(methylene  iodide)  and  a  zinc  iodide  solution  was  shown  to  have 
no  readilv  observable  effects  on  graphite-epoxy  material  proper¬ 
ties. 


1 


7.  Stereo-X-radiogrpphv  was  demonstrated  to  be  useful  in 
documenting  and  quantifying  impact  damage  and  accumulated 
fatigue  damage  in  quasi-isotropic  graphite/epoxv  composite 
material. 


8.  Application  of  the  stereo-x-radiographic  technique 
reconfirms  the  known  tolerance  of  resin  matrix  composite  materials 
to  accumulated  damage.  Low  energy  impact  damage  sites  were 
documented  and  were  not  shown  to  be  failure  sites  in  any  of  the 
specimens  listed. 
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SECTION  VII 


RECOMMENDATIONS 


As  a  result  of  performing  this  investigation,  several  areas 
were  identified  that  merit  more  detailed  analysis.  They  include: 

A.  Further  analysis  of  the  formulation  of  the  opaque 
penetrant  materials  for  application  to  composite  structures  is 
in  order.  The  formulation  used  was  satisfactory  for  laboratory 
use  but  tends  to  dry  out.  Alternative  carriers  and  wetting 
agents  would  improve  handling  and  reduce  dwell  time  requirements. 

B.  The  interaction  and  long  term  effect  of  exposure  to  the 
penetrant  at  elevated  temperatures  need  to  be  evaluated  for  the 
penetrant  material  selected. 

C.  The  step  wedge  should  be  further  developed  to  increase 
its  versatility  and  range  of  application.  Incorporation  of  the 
step  wedge  and  penetrameter  into  one  unit  would  aid  in  the 
exposure  process  and  in  automated  readout. 

D.  Automated  film  analysis  techniques  should  be  investi¬ 
gated  to  assess  the  location  and  extent  of  damage  accumulation. 
Automation  of  image  analysis  offers  capability  to  display  (and 
analyze)  a  single  layer  within  a  stack  as. well  as  identification 
of  specific  predetermined  anomalies.  Development  of  the  3D 
penetrameter  for  internal  calibration  of  the  film  image  is  a 
prerequisite  to  precise  analysis.  Methods  in  current  use  are 
available  for  image  separation  (a  single  layer  or  plane)  and 
analysis . 


E.  The  mechanics  of  the  damage  accumulation  process  should 
be  further  explored  to  resolve  the  observed  reactions  between 
the  edqe  of  the  specimen  and  the  pre-damaged  center  section 
(impact  damaged)  area.  The  3D  X-radicgraphic  method  should  be 
considered  for  evaluation  of  damage  accumulation  in  test  specimens 
and  structures  on  all  future  proqrams.  Considerable  work  is 
required  to  identify  and  assess  the  mechanisms  for  the  damage 
accumulation  process.  Various  specimen  designs  should  be  used 

to  resolve  dominance  and  interactions  between  edge  damaqe  and 
impact  damaqe  mechanisms. 

F.  Doubler  design  appeared  to  be  an  operating  variable 
in  this  proqram.  Specimen  design  and  doubler  design  should  be 
evaluated  to  minimize  the  effects  of  specimen  configuration  on 
damage  assessment  analysis. 
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APPENDIX  A 


TIPS  ON  VIEWING  STEREO  X-RADIOGRAPHS 


The  stereo  X-radiography  presented  in  this  report  have 
been  exposed  for  optimum  viewing  using  suitable  stereo  viewing 
equipment.  Stereo  images  have  been  mounted  in  pairs  on  the 
same  page  in  this  report  and  are  distinguished  by  a  small  L 
or  R  near  the  upper  left  or  right  hand  corner  of  the  image. 

Images  are  mounted  in  the  position  exposed  and  can  be  viewed 
in  this  position. 

Some  observers  will  be  able  to  view  the  images  in  three- 
dimensions  by  simply  holding  a  3  X  5  inch  card  on-edge  between 
the  eyes  to  "separate"  the  images  for  direct  viewing.  Distance 
from  the  observer  to  the  images  may  be  varied.  To  provide  ease 
of  viewing,  separation  of  the  images  may  be  necessary  for  some 
observers. 

Proper  viewing  of  the  image  is  attained  by  aligning  the 
fiducial  marks  on  the  step  wedges  such  that  one  image  is  observed 
by  the  both  eyes.  Once  the  images  are  merged,  image  detail  on 
the  radiographs  may  be  observed  in-depth.  The  depth  of  fiber 
distortion,  fiber  damage  and  matrix  cracking  may  be  observed 
by  reference  to  the  step  wedge (s)  exposed  with  the  test  object. 
Each  step  has  been  made  to  provide  the  equivalent  spacing  of 
one  layer  of  composite  material. 
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